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Chapter 1
Introduction
Regarding the current discussions about climate change and human influence on
the earth climate, energy-saving building materials are of great interest. One type
of those functional materials are the so-called low-emissivity coatings, which are
applied to glass panels in order to reduce the heat transfer through windows by
reflecting light of the far infrared range of the electromagnetic spectrum (wavelength
between 5.5 to 50 µm). Hence, the radiative heat transfer is limited, reducing heat
losses from inside the building to the exterior, but light of the solar spectrum (visible
and near infrared light) is still transmitted through the windows, which is important
in terms of aesthetics and a maximization of solar gains inside the building.
The company Saint-Gobain has been producing these coatings for more than
20 years. Throughout this time, the stack of such a coating has been improved
within the years in terms of compromise between emissivity and solar transmittance,
aesthetics or mechanical and climatic durability. It contains about 10 different
layers, of which a 10 to 15 nm thick silver layer acts as a reflector for far infrared
radiation. Silver is used as low-emissive material, because it is achromatic and
exhibits high conductivity. As the reflectivity of infrared radiation is connected to
the electrical conduction by the Hagen-Rubens relation [1], implying an increasing
reflectivity with increasing conductance, the conduction of the silver film is the key
quantity for controlling the optical properties of the coating. However, in order to be
transparent to light of the solar spectrum, the silver film has to be very thin, which
in turn reduces its conduction. This demonstrates that electron dynamics play a
crucial role and strongly influence the low-emissivity properties of the coating. In
this thesis, the electron dynamics are examined by two different techniques probing
the electron scattering in a complementary way: electrical transport and electron
energy-loss spectroscopy (EELS).
Electrical transport measurements in general give insight into present scattering
mechanisms, investigating scattering rates and mean free paths of the electrons.
These mechanisms are of variable nature: they can either be due to lattice vibra-
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tions (phonon scattering), impurities in the material, or imperfections of the crystal
lattice. However, if the investigated system exhibits one dimension in the size of the
electron mean free path (lAg0 = 38 nm), which is the case for a 10 nm thick silver film,
additional scattering mechanisms can occur. The two fundamental mechanisms are
scattering at surfaces, and scattering at grain boundaries. These scattering mecha-
nisms depend on the film thickness and grain size, which means that the resistivity
becomes a size-dependent quantity. Consequently, they are also called size effects.
The main objective of this thesis is to distinguish between these two scattering
mechanisms and to quantitatively estimate their influence on the resistivity.
The resistivity is a quantity, which holds the disadvantage that a distinction between
its contributions due to different scattering mechanisms is not trivial as they are all
merged. However, the individual contributions can be disentangled by evaluating
the measured data using models which describe the size effects mentioned above:
the Fuchs-Sondheimer model [2,3] (for surface scattering) and the Mayadas-Shatzkes
model [4] (for grain boundary scattering). The results of the modeling reveal pairs
of scattering parameters that indicate the strength of the scattering process. How-
ever, a unique discrimination between surface and grain boundary scattering is not
possible by means of modeling the thickness-dependent resistivity data, because the
respective models are very similar. Van Attekum et al. [5] proposed that the two
models significantly differ in the temperature-dependent behavior of the electrical
resistivity. The evaluation of the measured resistivity-temperature curves by the
temperature-dependent size effect models enables a unique discrimination between
surface and grain boundary scattering.
In contrast to the transport experiments, the spectroscopic approach to the electron
dynamics by EELS allows us to differentiate directly between bulk and interfacial
properties of the silver electrons. As the probed electrons in the silver film represent
a quasi-free electron gas, collective excitations of the valence electrons, so-called
plasmons, occur. The resonance frequency of these plasmons (plasmon energy)
strongly depends on the dielectric properties of the solid and as well on its environ-
ment. Hence, the plasmons can be categorized into two categories: bulk plasmons,
and surface – or in our case – interface plasmons. Due to their different energetic
positions, these excitations can easily be separated from each other.
In addition to the plasmon energy, the width of the plasmon peaks were analyzed and
brought into relation with the electrical resistivity measurements by calculating the
lifetime of the plasmons. A comparison between the results obtained by EELS and
those obtained by the transport experiments allows us to draw consistent conclusions
about present scattering mechanisms. The investigation of the same system by two
very different, but complementary techniques reveals a comprehensive picture of the
electron dynamics in low-emissivity coatings.
In this thesis, fundamental systems of low-emissivity coatings, consisting of a silver
film sandwiched between two aluminum-doped zinc oxide (ZnO:Al) films were inves-
3tigated. The ZnO:Al / Ag / ZnO:Al multi-layer system was investigated varying the
thickness of the silver film in the range of 4 to 200 nm. Electrical transport proper-
ties were obtained by measuring the sheet resistance in a temperature range of 4.5
to 295 K. At low temperatures, phonon scattering is suppressed and the resistivity
is determined by the remaining scattering mechanisms, such as defect, impurity,
surface, and grain boundary scattering (residual resistivity). In addition, the Hall
coefficient, charge carrier density, and electron mean free path was determined by
electrical transport measurements in a high magnetic field (up to 3 T) at room
temperature.
A reproducibility study was carried out prior to the measurements, testing different
techniques, measurement geometries, and contact materials enhancing the reliability
of the data sets and minimizing the total error. This study yielded valuable results
in terms of ideal conditions for electrical transport measurements, which can be
utilized in later investigations on similar systems.
In order to gain a better understanding of the physical effects in the coatings, the
fundamental ZnO:Al / Ag / ZnO:Al layer stack was compared to more sophisticated
systems. A typical production step for industrially coated glass is a thermal treat-
ment, which enhances the performance of the low-emissivity coating and strengthens
the glass. In the framework of this thesis, samples were thermally treated at 250◦C
for one hour and subsequently analyzed with respect to changes in the scattering
behavior of the silver electrons. Furthermore, the Ag / ZnO:Al interface was modi-
fied by adding a thin titanium layer in between the silver film and the upper ZnO:Al
layer.
The experiments were accompanied by an extensive sample characterization utilizing
different techniques, such as secondary ion mass spectroscopy (SIMS), atomic force
microscopy (AFM), and cross-sectional transmission electron microscopy (TEM),
yielding detailed information on the microstructure of the layer stack. In particular,
the thickness of the individual layers and the size of the grains in the silver film
before and after annealing were examined.
This thesis also gives an overview of methods utilized in fundamental research that
can be applied to industrial thin film coatings. Furthermore, it will be pointed
out that, even at present, the models, which were developed several decades ago to
describe size effects, are still relevant and subject of controversial discussions in the
thin film community.

Chapter 2
State of the art
In this chapter the general topic and the actual situation will be outlined. The
current state of the research on low-emissivity coatings, especially on the silver
based coatings, will be presented. Subsequently, the methods which are used to
study the multi-layer system of a low-emissivity coating are introduced. Here, the
focus is placed on the basic principles of electrical transport in thin metallic films,
which includes the general theory of transport in bulk materials as well as several
models which describe the size effects of low-dimensional systems.
2.1 General scope of the topic
This thesis deals with the field of thermal insulating glazing, particularly the area of
the so-called low-emissivity coatings, which are widely used to improve the energy
balance of buildings, houses and automobiles by reflecting infrared radiation [6].
There are different techniques to reduce the heat transfer through window glass.
One is to use two separated plates of plane glass instead of only one plate. The two
plates are separated by an inert gas (e.g. argon), which drastically reduces the heat
transfer caused by heat convection. Another possibility is to reflect the infrared
radiation by a functional layer deposited on the glass, acting as a low-emissivity
coating. Usually, high thermal insulating glazing combine both techniques: they are
double glazing units with a low-emissivity coating applied on one side of the interior
panels.
At Saint-Gobain this type of heat insulating glasses has been produced for more
than 20 years. Continuous research and development on the coating was carried
out in order to enhance its performance and long-term durability. This thesis forms
part of the ongoing research and in the improvement of the knowledge about low-
emissivity coatings, investigating the layer stack of such a coating in a very fun-
5
6 Chapter 2: State of the art
VISUV
500 1000 1500 2000 25000
20
40
60
80
100
0
20
40
60
80
100
Tra
ns
mi
ssi
on
 (%
)
Wavelength (nm)
Reflection
Transmission
Re
fle
ctio
n (
%)
near IR far IR
Figure 2.1: Reflection and transmission spectrum of a silver-based low-emissivity
coating in the visible and near-infrared range of the electromagnetic spectrum. The
coating was deposited and measured at Saint Gobain Re´cherche.
damental and physical way. The main focus is on the analysis of the functional
properties of the coating, in particular its electrical conductivity.
2.2 Silver based low-emissivity coatings
Silver based low-emissivity coatings typically consist of alternating layers of dielectric
oxides and a low-emissivity material. Low-emissivity means that the coating will not
transmit light with a wavelength between 5.5 and 50 µm (far infrared)1. For instance,
a black body with a temperature of 300 K emits radiation with a wavelength of
10 µm (emittance maximum). A low-emissivity coating will reflect this radiation
and keep the heat inside the building. However, these optical coatings must be as
well transparent to visible light (wavelength between 380 and 780 nm) and let the
maximum radiative energy go through the glazing. Furthermore, they should not
exhibit an unwanted discoloration.
Ideally, such a coating should be 100 % transmissive to light in the range of the
solar spectrum (between 295 and 2500 nm) and 100 % reflective to infrared light
(more precisely far infrared light with a wavelenght between 5.5 and 50 µm). To-
day’s low-emissivity coatings are already close to this ideal case, as displayed by
the transmission and reflection spectra of a recent commercial product of Saint-
Gobain Glass in Figure 2.1.
1According to the standard EN 12898, the normal emissivity of glazing is defined between 5.5
and 50 µm.
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The reflection of infrared radiation is connected to the conductivity by the Hagen-
Rubens relation [1]:
R ∼= 1− 2
√
2ε0ω
σ
(2.1)
where ε0 is the permeability and ω is the frequency of the electromagnetic radiation.
For bulk silver, which has a very high conductivity of σ = 6.25 · 107 Ω−1m−1, the
reflectance of infrared radiation with a wavelength of λ = 30 µm is R = 0.997. Due
to the fact that silver exhibits the highest room temperature conductivity amongst
all metals, it is the material of choice for this kind of application. However, in order
to be highly transparent for light of the visible range of the spectrum, the silver
film has to be very thin. Usually the thickness of the silver film of a commercial
low-emissivity coating is about 10 to 15 nm. For thin metal films a rule of thumb,
derived from the Hagen-Rubens relation, exits. According to it, the reflection of
infrared radiation can be calculated by:
R ∼= 1− 4ε0c
σd
(2.2)
where c is the speed of light and d is the thickness of the film. For example, a silver
film of 12 nm thickness exhibits a reflectance of R = 0.986.
There are two rivaling effects that limit the performance of the low-emissivity coat-
ing:
(i) the higher the conductance of the layer stack, the better the reflection of far
infrared radiation, and
(ii) the thinner the silver film, the higher the transparency for visible light.
However, as the film becomes thinner, its conductance decreases. The main issue
is to increase the conductance of the layer stack without changing the silver film
thickness, i.e., to increase the conductivity of the silver film or, in other words, to
decrease its resistivity.
This demonstrates that the electrical resistivity is the key value for the investigation
of these low-emissivity coatings. In the following, the physical background of this
measure will be explained in detail.
2.3 Electrical transport in bulk metals
In 1900 Paul Drude proposed a model [7] for the transport of electric charges in
metals by free electrons. Analogous to the classical kinetic theory of gases, the
electrons are regarded as point-like objects which do not interact with each other.
Therefore the Drude-model is also called the free electron gas model. This model
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is a very basic and simplistic model, but nevertheless it describes the electronic
conduction in simple metals very well.
The electrical conductivity σ is defined as the proportionality constant between an
external electrical field E and the response of the material which is placed inside
this field, the electrical current density J:
J = σE (2.3)
The reason for the finiteness of the conductivity is scattering of electrons. In the
Drude model, the only considered scattering mechanism is the scattering of the
electrons at the lattice ions of the crystal. This situation, however, does not reflect
the reality, as will be shown below.
According to the Boltzmann transport theory, the electrical conductivity can be
expressed by the charge carrier density N and the scattering time τ , which is the
mean time between two scattering events (a detailed derivation of the law can be
found in textbooks [8, 9] and will not be shown here):
σ =
Ne2τ
me
=
Ne2l
mevF
(2.4)
where me is the electron mass, l the electron mean free path, and vF the Fermi
velocity of the electrons. Here the definition of the mean free path l of a conduction
electron was used:
l = vF τ (2.5)
For the calculation of the mean free path the Fermi velocity vF = ~kF/m has to be
used, owing to the fact that only electrons with a wave vector similar to the Fermi
wave vector kF =
√
2meEF/~ (EF . . .Fermi energy) contribute to the transport (cf.
Figure 2.2). Furthermore, according to the Pauli exclusion principle, only electrons
in a narrow energy interval of the width kBT (kB . . . Boltzmann constant) around
the Fermi energy (thermal softening of the Fermi edge) can take part in the scattering
processes. Due to the fact that the energy transfer during a collision is in the order
of kBT  EF , only for electrons within the width ≈ kBT around EF free states,
where they can be scattered into, are accessible. Electrons with an energy much
lower than EF cannot scatter, because there are no free states into which they can
be scattered.
Bloch theory
Bloch’s theory generalizes the theory of free electrons for the case of a periodic
background potential (like a potential generated by lattice ions). The main result of
this theory is that the wave vector of a conduction electron in a crystal is conserved.
Hence, the electrical resistivity is not caused by collisions between the electrons
2.3 Electrical transport in bulk metals 9
Figure 2.2: Sketch of the energy interval of the electrons, where electron scattering
processes can take place. Scattering processes inside the Fermi sphere are forbidden
by the Pauli exclusion principle. Only electrons in the energy interval of the width
≈ kBT around the Fermi energy can take part in the scattering processes. From [10].
and the lattice ions (as assumed in the Drude model) but by irregularities in the
lattice [11]. These irregularities can be classified into defects and impurities, or
intrinsic deviations from the perfect periodicity of the lattice caused by the thermal
vibrations of the ions, so-called phonons [12] (cf. Sections 2.3.2 and 2.3.3).
In silver the background potential is very weak, therefore the electrons can be treated
a quasi-free electrons. Deviations from perfect sphericity of the Fermi surface of
silver can be accommodated by introducing an effective mass for the conduction
electrons, which in silver is slightly higher than the mass of a free electron [8, 13]:
mAgeff = 1.03×me (2.6)
2.3.1 Matthiessen’s rule
The electrical resistivity ρ = σ−1 of a material arises from a variety of scattering
mechanisms such as electron-phonon scattering, electron-defect scattering, or the
scattering of the electrons at impurities. Matthiessen’s rule states that, if these
scattering mechanisms are independent from each other, the resistivity of a material
is the sum of the individual contributions made by all these individual sources [14]:
ρ = ρph︸︷︷︸
ρ(T )
+ ρdefect + ρimpurity + ρboundary︸ ︷︷ ︸
ρres
(2.7)
where ρph is the resistivity due to electron-phonon scattering, ρdefect the resistivity
due to electron-defect scattering, ρimpurity the resistivity due to electron-impurity
scattering, and ρboundary the resistivity due to electron scattering at the boundaries
10 Chapter 2: State of the art
0 . 1  D
sca
tter
ing 
at 
pho
non
s
 r e s
 p h  ~  T  
 
res
istiv
ity 
t e m p e r a t u r e  T
 p h  ~  T  5
sca
tter
ing 
at d
efe
cts,
imp
urit
ies,
 etc
.
0  K  
Figure 2.3: Schematic diagram illustrating the temperature dependence of the elec-
trical resistivity for metallic systems. At high temperatures, the scattering of electrons
at phonons dominates, at low temperatures, the scattering at defects and impurities.
The transition from linear to T 5 behavior appears approximately at a temperature of
0.1×ΘD, where ΘD is the Debye temperature of the metal [8].
of the sample. The three latter resistivities can be summed up to the residual resis-
tivity ρres, which denotes the temperature independent part of the total resistivity.
However, later on it will be shown that for thin films the assumption of ρboundary
being temperature independent is not valid anymore (cf. Section 2.4.3).
An alternate formulation of Matthiessen’s rule in terms of respective scattering rates
has the form [15]:
1
τ
=
1
τ ph
+
1
τ defect
+
1
τ impurity
+
1
τ boundary
(2.8)
The respective scattering times τi indicate the average time between two collisions
of an electron.
In the following, the different scattering mechanisms which are characteristic for
bulk systems are discussed. Subsequently, the particular scattering mechanisms,
which can be observed in thin films, are examined.
2.3.2 Electron-Phonon scattering
All metals exhibit the characteristic behavior of increasing resistivity with increasing
temperature. This is caused by the scattering of electrons at the quantized quasi-
particles of the lattice vibration, the phonons. The typical temperature dependence
of the resistivity of a metal is sketched in Figure 2.3.
The scattering rate τ−1ph for electron-phonon scattering increases proportionally to
the number of occupied phonon states. At high temperatures, this number increases
linearly with temperature. Hence, a linear increase of the resistivity is expected in
this temperature range: ρph ∝ τ−1ph ∝ T .
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At low temperatures, the number of phonons increases proportionally to T 3. Addi-
tionally, a weighting factor for the angle dependence of the scattering processes has
to be taken into account, which is proportional to T 2. Consequently, the resistivity
is expected to be proportional to T 5: ρph ∝ T 5 [16].
For the temperature dependence of the resistivity over the entire temperature range
a formula was derived by Bloch and Gru¨neisen [11,17,18]:
ρ(T ) = ρres + αel-ph
(
T
ΘD
)5 ∫ ΘD/T
0
xn
(ex − 1)(1− e−x)dx (2.9)
where ρres is the residual resistance, αel-ph the electron-phonon coupling constant,
and ΘD the Debye temperature. αel-ph is proportional to λtrωD/ω
2
p, where λtr is the
electron-phonon coupling constant, ωD is the Debye frequency, and ωp is the plasma
frequency [19]. If only acoustic phonons are present in the system (which is the case
for all materials consisting of only one type of element) the electron-phonon coupling
constant takes on the value of αel-ph = 4.225 [20]. The constant n generally takes on
the values of 2, 3, or 5 depending on the nature of interaction. For a nonmagnetic
elemental metal like Cu, Ag, or Au n = 5 [21].
A detailed derivation of the formula is given in Electron and Phonons by J. M.
Ziman [15]. An application of this model on metallic nano-wires can be found
in [21].
2.3.3 Electron scattering at lattice imperfections, impuri-
ties and boundaries
In the Drude model it is assumed that electrons are scattered at lattice ions, which
implies that the mean free path of the electrons is in the order of 1 A˚. This assump-
tion was later refuted by measuring the resistivity of very pure metal single crystals
at low temperatures, where mean free paths in the order of 1 cm could be obtained.
At low temperatures, where all phonon modes are frozen out, the electrons can only
be scattered at lattice imperfections and boundaries of the investigated system. The
different kinds of lattice imperfections can be categorized into [15]:
• zero-dimensional defects, for example point defects and impurity atoms
• one-dimensional defects, for example line defects and dislocations
• two-dimensional defects, for example grain boundaries
The resistivity of a sample containing these defects is always higher than the re-
sistivity of a defect-free sample. The amount of resistivity increase depends on the
number and kind of defects. This effect is illustrated in Figure 2.4. Even a small
amount of impurity atoms has a significant influence on the electrical conduction.
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Figure 2.4: The resistivity of a number of Cu alloys as a function of temperature.
The numbers next to the curves refer to the atomic percentage of the solute used.
Data from [22].
Furthermore, the parallelism of the lines indicates that the temperature-dependent
contribution of the resistivity is not affected by any of these scattering mechanisms.
2.3.4 Electron-electron scattering
Apart from the scattering mechanisms that are due to deviations from ideal peri-
odicity of the crystal lattice, another scattering mechanism occurs, caused by the
interaction between electrons: the electron-electron scattering. This type of scat-
tering only plays a minor role with respect to the other scattering mechanisms,
because the scattering probability is very small. For an electron-electron scattering
event, the Pauli exclusion principle, as discussed above (cf. Figure 2.2), has to be
fulfilled twice: once for the incident electron, and again for the electron which is
scattered [15].
The scattering rate of electron-electron scattering decreases proportionally to T 2.
At higher temperatures, the scattering is dominated by electron-phonon scatter-
ing, therefore the T 2-behavior cannot be observed. At lower temperatures, one
would expect the influence of electron-electron scattering to become visible, because
electron-phonon scattering vanishes much faster (T 5-behavior), but the effect is of-
ten obscured by the residual resistivity. It may only become visible in very pure and
perfect metals [12].
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2.4 Resistivity of thin films
In macroscopic systems, the effect of sample boundaries on the resistivity can nor-
mally be neglected. Only at low temperatures and for very pure crystals, where the
electron mean free path becomes of the same order of magnitude as the sample size,
boundary scattering potentially becomes important. Of course, this is also valid
the other way around: If one or more dimensions of the system exhibit sizes in the
order of the electron mean free path, scattering at the boundaries can constitute a
significant contribution to the total resistivity.
In thin films, one dimension – the film thickness – is in the order of the mean free
path. Hence, additional scattering mechanisms occur, which increase the resistivity
of the system. The two fundamental mechanisms are:
(i) scattering of electrons at internal surfaces or interfaces, and
(ii) scattering of electrons at grain boundaries.
As the resistivity is no longer a constant but depends on the dimension of the system
these deviations are also called size effects.
The first models, which describe these size effects are: the Fuchs-Sondheimer model
[2, 3] (surface scattering) and the Mayadas-Shatzkes model [4, 23] (grain boundary
scattering). In the following, these models will be introduced and discussed regard-
ing their boundary conditions and their applicability to very thin metal films (d l)
like those, which are the subject of this thesis. In addition, several publications will
be presented, where the above models have been applied.
2.4.1 Fuchs-Sondheimer model
Already in 1901, Thomson [24] discussed the possibility that the resistivity might
be influenced by the reduction of one of the system’s dimensions. In 1938, Fuchs [2]
worked out a size effect theory for a free electron model based on the Boltzmann
transport equation. Several simplifying assumptions had to be made in the devel-
opment of the theory [25]:
(i) the disorder in the films should not depend on the film thickness
(ii) the films should have clean and plane-parallel limiting surfaces
(iii) the precondition of a spherical Fermi surface should be a permissible approxi-
mation
(iv) scattering processes should take place isotropically and can be characterized
by an effective mean free path of the electrons (which implies the applicability
of Matthiessen’s rule)
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Figure 2.5: Sketch of the principle of the Fuchs-Sondheimer model. If the specularity
parameter p = 0, all electrons scatter diffusely at the surface. If p = 1 all electrons
scatter specular.
The boundary conditions imposed by the external surfaces are included by the phe-
nomenological specularity parameter p, which describes the fraction of electrons that
is scattered elastically at the surface (cf. Figure 2.5).
In general, the total film conductivity σf can be calculated by:
σf
σ0
= 1− 3
2κ0
∫ ∞
1
(
1
t3
− 1
t5
)
1− e−κ0t
1− pe−κ0tdt (2.10)
where σ0 is the conductivity of the bulk material and κ0 = d/l0 is the ratio between
the mean film thickness and the mean free path in the bulk (i.e., the mean free path
which would be present in a bulk sample with the same density of lattice defects
and impurities).
Since this equation can only be solved numerically, it is common to model the
experimental results using the limiting forms of the equation [3]:
σ0
σf
=
ρf
ρ0
= 1 +
3
8
l0
d
(1− p) (2.11)
for sufficiently thick films (d l0), and
σ0
σf
=
ρf
ρ0
=
4
3
(1− p)
(1 + p)
l0
d ln l0
d
(2.12)
for very thin films (d l0).
It should be mentioned that the Fuchs-Sondheimer model does not provide a direct
link to the surface roughness of the film. Rather, the model describes the theoreti-
cal case of two plane-parallel, smooth surfaces, where electron scattering can occur.
The relation between the surface scattering parameter p and the surface roughness
has been the subject of extensive discussion [15, 26–29]. The models of Ziman [15]
and Soffer [27] will be thoroughly explained in the last section of this chapter. The
Fuchs-Sondheimer model was modified by many authors in order to meet the inves-
tigated system’s requirements. For example, if the film has two different surfaces
or interfaces, different scattering parameters p and q can be introduced [30–32].
Furthermore, the case of non-spherical Fermi surfaces [33], anisotropic mean free
paths [34], and the dependence of the specularity parameter p on the incidence
angle of the electrons [15,26,35] were investigated.
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Figure 2.6: The geometry of the Mayadas-Shatzkes model.
2.4.2 Mayadas-Shatzkes model
In contrast to the Fuchs-Sondheimer model, the Mayadas-Shatzkes model focuses
on the scattering of electrons at grain boundaries [4]. Grain boundaries can be
found in polycrystalline materials between several crystallites. The boundaries can
be regarded as potential barriers for the traveling electrons, where they can either
be reflected or transmitted (cf. Figure 2.6). The reflection probability of an elec-
tron is described by the grain boundary refection coefficient R. The higher R, the
more electrons are reflected and the higher is the resulting resistivity. Electron scat-
tering at grain boundaries can either be specular or diffuse. However, unlike the
Fuchs-Sondheimer model, the Mayadas-Shatzkes model does not specify the kind of
electron scattering occurring at the grain boundary, because all reflected electrons
(either specular or diffuse) contribute to the increase of the resistivity. Another
important factor is the density of the grain boundaries, which is accommodated in
the model by the average grain size D.
The Mayadas-Shatzkes model is a one-dimensional model, which is subject to the
following simplifications [36]:
(i) Only grain boundaries perpendicular to the electric field induce electron scat-
tering. The influence of non-perpendicular scattering planes on the total resis-
tivity can be neglected [37].
(ii) The array of perpendicular grain boundaries can be represented by a Gaussian
distribution of planar scatterers in the direction of the electric field with a
mean distance D¯ and a standard deviation s.
(iii) The planar scatterer at the position xn can be represented by a potential in the
form: Vx = S δ(x− xn), where S is a measure for the strength of the scatterer
and δ is the Dirac delta function.
The potential barriers have an average distance of D which can be allocated to
the average diameter of the grains in the film. The strength of the scatterer S is
connected to the grain boundary reflection coefficient by:
S2 =
~3
2me
vFkF
R
1−R (2.13)
where vF and kF are the Fermi velocity and Fermi wave vector, respectively.
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To calculate the conductivity σg of a polycrystalline material (or a thick polycrys-
talline film for which the influence of surface scattering can be neglected), the Boltz-
mann equation has to be solved for a combined scattering rate, containing both
background and grain boundary scattering. According to [4], the conductivity can
be finally determined by:
σg = σ0 · f(α) (2.14)
f(α) = 1− 3
2
α + 3α2 − 3α3 ln
(
1 +
1
α
)
(2.15)
α =
l0
D
R
1−R (2.16)
where σ0 and l0 is the conductivity and the mean free path inside a grain (i.e., the
conductivity and mean free path of a single crystal of the same material, which has
the same density of defects and impurities as a grain).
Mayadas and Shatzkes expanded their model of grain boundary scattering to the case
of thin films. In order to find an expression for the total film conductivity σf , they
solved the Boltzmann equation considering the presence of film surfaces. For this
purpose, the framework of the Fuchs theory was used. The total film conductivity
σf and resistivity ρf can be calculated by [23]:
σf = ρ
−1
f =
1
ρg
− 6
piκ0ρ0
∫ pi/2
0
dφ
∫ ∞
1
dt
cos2 φ
H2(t, φ)
(
1
t3
− 1
t5
)
1− e−κ0tH(t,φ)
1− pe−κ0tH(t,φ) (2.17)
where ρg = σ
−1
g , ρ0 = σ
−1
0 , κ0 = d/l0, and H(t, φ) is defined by:
H(t, φ) = 1 +
α
cosφ
√
(1− 1/t2) (2.18)
With formula 2.17, both, the grain boundary scattering coefficient R and the spec-
ularity parameter p can be determined simultaneously. Furthermore, the integrand
of formula 2.17 indicates that both scattering mechanisms cannot be regarded as
independent from each other, because it contains both scattering parameters. Con-
sequently, Matthiessen’s rule is not valid (with respect to surface scattering and
grain boundary scattering).
For thick films (d  l0), grain boundary and surface scattering can be regarded
as independent, i.e., the total film resistivity can be obtained by summing up the
contributions of all the scattering mechanisms following Matthiessen’s rule (2.7):
ρf = ρ0 + ρSS + ρGB (2.19)
with:
ρSS =
3
8
ρ0(1− p) l0
d
(2.20)
ρGB =
3
2
ρ0
R
1−R
l0
D
(2.21)
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Figure 2.7: Resistivity versus film thickness of a thin metal film according to
the (a) Fuchs-Sondheimer model and (b) Mayadas-Shatzkes model. For the Mayadas-
Shatzkes model the two cases of grains which grow proportional to the film’s thickness
(spherical grains) and grains which exhibit a columnar growth are shown.
where ρSS is the resistivity due to surface scattering (Fuchs-Sondheimer model) and
ρGB is the resistivity due to grain boundary scattering (Mayadas-Shatzkes model).
Analogous to the Fuchs-Sondheimer model, the Mayadas-Shatzkes model also has
been modified several times. For example, in [38, 39] simplified versions of the
Mayadas-Shatzkes model are proposed. Furthermore, Tellier et al. developed a sta-
tistical model for polycrystalline films [40–43].
In Figure 2.7, the thickness dependence of the resistivity is shown for both models.
According to the Fuchs-Sondheimer model the resistivity increases with decreasing
film thickness. In the Mayadas-Shatzkes model the two cases of columnar and spher-
ical grain growth have to be distinguished. For materials which exhibit columnar
grain growth, the total film resistivity does not change with film thickness. For those
where the grains grow constantly with the film (as it is the case for metals), the grain
size is proportional to the film thickness. Hence, the thicknesses dependences of re-
sistivity of the Mayadas-Shatzkes model and the Fuchs-Sondheimer model are very
similar2. This shows that a differentiation between the contributions due to surface
scattering and due to grain boundary scattering is nontrivial for metallic films.
Both, the Fuchs-Sondheimer model and the Mayadas-Shatzkes model, are nowadays
still widely applied to measured data and often quoted (Fuchs: 1,515 times, Sond-
heimer: 1,539 times, Mayadas-Shatzkes: 1,028 times)3. However, there is a strong
debate about the Fuchs-Sondheimer model and the Mayadas-Shatzkes model. In
many publications it is the case that only one model is discussed and the other one
is ignored. The reason is basically that the thickness dependence of both models
is the same, which allows to interpret the experimental data in terms of surface
2In fact, the thickness dependence is even the same for both models in the case of thick films.
3source: ISI Web of Knowledge (http://apps.isiknowledge.com)
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scattering as well as grain boundary scattering. A defender of Mayadas-Shatzkes’
model is J. R. Sambles. In several publications [44–46] he and his co-workers dis-
cuss the problem in detail and conclude that any simple 1/d dependence found in
the resistivity of thin films is due to grain boundary scattering and not, as widely
assumed, due to surface scattering. The arguments are mainly based on the fact
that, if surface scattering occurred in the film, the temperature dependence of the
resistivity would look different from the temperature dependence of the bulk mate-
rial. The application of both models to measured data can be found in [47, 48] for
instance.
Most publications apply only the simplifications of the models, even though the
boundary conditions are not fulfilled. In the framework of this PhD thesis the un-
simplified equations 2.10 and 2.17 are used exclusively, because the film
thickness varies in a range where d ≈ l0 Ag= 38 nm. Furthermore, only in the unsim-
plified versions of the models differences in the temperature-dependent contribution
of the resistivity can be observed, as shown in the following chapter.
2.4.3 Temperature dependence of the models
As mentioned above, the thickness dependence of the resistivity does not allow a
unique conclusion concerning the presence of surface scattering or grain boundary
scattering. A solution to this problem was proposed in 1984 by van Attekum et al.
[5], who suggested using the temperature dependence of the resistivity to distinguish
between the two scattering mechanisms.
The temperature-dependent Mayadas-Shatzkes model (2.17) has the form:
ρf =
(
1
ρg
− 6
piκ0ρ0
∫ pi/2
0
dφ
∫ ∞
1
dt
cos2 φ
H2(t, φ)
(
1
t3
− 1
t5
)
1− e−κ0tH(t,φ)
1− pe−κ0tH(t,φ)
)−1
The variables H and ρg are temperature-dependent because they depend on α (cf.
equations 2.18 and 2.14). Referring to equation 2.16, α again depends on the mean
free path l0, which is the mean free path inside the grains (only limited by electron-
defect and electron-phonon scattering). According to the Drude model, l0 is deter-
mined by:
l0 =
mevF
Ne2ρ0
(2.22)
where me is the electron mass, vF the Fermi velocity, N the charge carrier density,
e the elementary charge, and ρ0 is the resistivity inside a grain, which consists of
the contributions of electron-phonon scattering and defect scattering. Hence, the
whole temperature dependence of the model can be traced back to the effect of
electron-phonon scattering.
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Figure 2.8: Temperature-dependent contribution of the resistivity versus tempera-
ture for a silver film proposed by a) the Fuchs-Sondheimer model and b) the Mayadas-
Shatzkes model without surface scattering. The models show the scenario of a 10 nm
thick silver film for different surface scattering parameters p and grain boundary scat-
tering parameters R. Note that a small value for p has the meaning of a more diffuse
scattering at the surface and therefore a higher resistivity. A small value for R has
the meaning of less reflection at the grain-boundaries and hence, a smaller resistivity.
The data for the bulk silver is from [49].
In Figure 2.8, the temperature dependencies of the resistivity as calculated from:
(a) the Fuchs-Sondheimer model, i.e., a single crystalline silver film without any
grain boundaries (R = 1), and the
(b) the Mayadas-Shatzkes model, i.e., a polycrystalline silver film with very smooth
surfaces or interfaces, at which all electrons are scattered specularly (p = 1)
are shown in comparison with the temperature dependence of bulk silver. In this
figure only the temperature-dependent contribution of the resistivity ρph is shown,
which is calculated by:
ρph = ρ(T )− ρres (2.23)
In the first scenario, the calculated resistivity curves strongly differ from the resis-
tivity curve of bulk silver. The absolute value of the temperature-dependent contri-
bution of the resistivity ρph is significantly increased for thin films with specularity
parameters p < 1. For very small values of the specularity parameter (p ≈ 0), the
total amount of the temperature-dependent contribution is more than twice as that
of the bulk material. Furthermore, the shape of the curves changes from a linear be-
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havior in the region of T > 50 K to a non-linear curvature with a pronounced hump
at T = 50 K. The same effect as observed for the Fuchs-Sondheimer model has been
reported for the temperature dependence of the Soffer model [5] (cf. Section 2.4.4).
On the other hand, the Mayadas-Shatzkes model (second scenario) does not predict
such a strong deviation from bulk behavior. Even for a grain boundary reflection
coefficient of R = 0.6, the deviation of the temperature-dependent contribution of
the resistivity is only about 10 %.
These characteristics of the models demonstrates the fundamental difference between
surface scattering and grain boundary scatting. By measuring the temperature
dependence of resistivity and analyzing its shape and absolute value, it
is possible to specify the importance of the different scattering mecha-
nisms and to estimate quantitatively the contributions to the total film
resistivity.
2.4.4 Other size effect models
Most of the size effect models which exist today are based on either the Fuchs-
Sondheimer model or the Mayadas-Shatzkes model. These two basic models can be
extended, requiring less restrictive assumptions than in the case of the basic models.
Often the Fuchs-Sondheimer model is deemed to be insufficient because the scatter-
ing parameter is not connected to any physical measure. In the two models, which
will be presented in the following, the Fuchs-Sondheimer approach is generalized by
taking the surface roughness of the film into account.
Ziman’s and Soffer’s model
The Ziman model [15] and its extension, the Soffer model [27], are based on optical
arguments, i.e., the electrons are described by a plane wave with a wavelength λ
(de Broglie wavelenght). Figure 2.9 illustrates the effect of the reflection of a plane
wave on a rough surface (RMS surface roughness h): in the case of small wavelengths
(λ  h), the phase of the wave changes randomly and the electrons are scattered
widely; in the case of large wavelengths (λ  h), the changes of the phase are
negligible, because the surface detail is too small. Hence, the electrons are scattered
specular. As a result, the specularity parameter can be attained by (the detailed
derivation of the scattering parameter is given in [15]):
pZ = exp
(
−16pi
3h2
λ2
)
(2.24)
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Figure 2.9: Illustration of the relation between the surface roughness h and the
scattering parameter p by means of plane waves with a wavelength λ. From [15].
That the definition of pZ fulfills the aforementioned conditions can be seen by looking
at the limit cases:
large wavelenghts: λ h⇒ pZ → 1
short wavelenghts: λ h⇒ pZ → 0
In contrast to the model of Ziman, which only focuses on plane waves that exhibit a
perpendicular incident on the surface, Soffer’s model includes the more general case
of oblique incidence. The basic assumptions of this model are:
• monochromatic spectrum of the electrons with a mean wavelength λ (valid for
metal films), for silver λ ≈ 6 A˚
• scattering at the surface is only attributed to the roughness
Here, the specularity parameter becomes angular-dependent and can be expressed
by [27]:
pS(cos θ) = exp(−(4pih/λ)2 cos2 θ) (2.25)
where θ is the angle between the surface and the incident plane wave. The total
film resistivity can be achieved by substituting cos θ = u and integrating u from 0
to 1, which equates the integration of scattering angle θ from 0◦ to 90◦:
ρf = ρ0
(
1− 3
2κ0
∫ 1
0
du(u− u3)(1− pS(u))(1− exp(−κ0/u))
1− pS(u) exp(−κ0/u)
)−1
(2.26)
The temperature dependence of this model is very similar to the temperature depen-
dence of the Fuchs-Sondheimer model (cf. Figure 2.8(a)) and exhibits the same char-
acteristics, such as an increased phononic contribution and a slight bump. Therefore,
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it is possible to discriminate between surface roughness scattering and grain bound-
ary scattering. However, a combination of this model and the Mayadas-Shatzkes
model is not trivial, as the scattering mechanisms cannot be regarded as totally
independent from each other.
A good review about the application of the here discussed models on experimental
data can be found in [50,51].
2.5 Electronic structure
Another tool to examine the electronic system of the layer stack of a low-emissivity
coating is electron energy-loss spectroscopy (EELS) in transmission. Here, the elec-
tronic structure is investigated, in particular the excitation spectrum of the con-
duction electrons of the silver layer. This method, which also probes scattering
processes, represents a complementary approach to the transport experiments. An
electron beam acts as a probe for the layer stack, whereas the incident electrons
are scattered and lose energy. These energy-losses occur when the probing electrons
interact with the free electron gas of the silver film, for instance. During this pro-
cess the valence electrons become excited and start to oscillate collectively, which
is also known as a plasmon oscillation. This excited state has a distinct resonance
frequency, the plasmon energy, which can be seen by a peak in the loss spectrum.
Due to scattering processes, which have the same origin as the scattering processes
discussed above in the transport section (interface scattering and grain boundary
scattering), the peak is broadened. This is substantiated by the fact that scatter-
ing reduces the lifetime τ of the plasmon, which is connected to the peak width
by Heisenberg’s energy-time uncertainty relation. The derived scattering time can
be compared quantitatively to the scattering time calculated from the resistivity
measured in the transport experiments on similar samples.
The decisive advantage of EELS is that by looking at the plasmonic excitations
in the silver film, a definite differentiation between bulk and interfacial properties
can be established. The plasmon energy depends on the dielectric properties of the
environment of the electron gas. Hence, plasmons near the Ag / ZnO:Al interface
exhibit a different resonance frequency (and therefore a different energy) compared
to plasmons in the bulk part of the silver film. A distinction is drawn between
interface and bulk plasmons. The different energetic positions of these plasmons
permit a separate analysis of their respective peaks and allow us to conclude on
occurring scattering mechanisms.
In addition, this technique permits a crystallographic characterization of the sam-
ples. By measuring the spectrum of the elastically scattered electrons in dependence
of the scattering angle, a diffraction pattern of the layer stack can be recorded. From
this result, conclusions regarding the microstructure of the individual layers or the
presence of textures in the films can be drawn.
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Published work
There is a large number of publications on electron scattering on bulk silver and
silver foils from the last 50 years. The first experiments were carried out in 1967 by
J. Daniels [52–54]. The observed loss functions exhibit peaks of both plasmons, the
bulk plasmon and the surface plasmon. Upon investigating silver foils of variable
thickness, it was found that with increasing thickness, the intensity of the surface
plasmon increases with respect to the intensity of the bulk plasmon. Furthermore,
the effect of a thin graphite layer on top of the silver layer was studied [53]. Here, an
energy shift of the surface plasmon to lower energies could be observed. The reason
for this shift is the modified environment of the silver layer which exhibits a different
dielectric constant, due to the graphite cover layer. This dielectric screening yields
a change of the resonance frequency of the surface plasmon and therefore a change
in energy.
Some years later Zacharias and Kliewer published a work on the dispersion of the
silver volume plasmon [55]. The scattering experiments were performed on 50 nm
thick, polycrystalline silver foils. The loss spectra were recorded in dependence of
the scattering angle of the scattered electrons. The scattering angle is a measure for
the momentum, which is transfered from the probing electrons to the plasmon. The
dependency of the plasmon energy on the momentum transfer is called dispersion.
For the silver volume plasmon a positive, quadratic dispersion was measured, which
meets the expectations for a free electron gas. In Chapter 4, the results of this
publication will be discussed again with respect to our own measured data.
Elaborate investigations on pure silver monocrystals were done by Rocca et al.
using the technique of high-resolution electron energy-loss spectroscopy in reflection
(HREELS) [56–61]. In this method, the electron beam does not penetrate the
sample, but it is reflected at the sample surface, because the energy of the incident
electrons is much lower. Hence, only surface losses are measured and no volume
losses. Several dispersion curves of the surface plasmons were recorded, whereas the
kind and magnitude of the dispersion depended on the crystallographic orientation
of the surface and on the direction of the incident electron beam. During these
experiments linear dispersions as well as quadratic dispersions were observed for the
silver surface plasmon.

Chapter 3
Experimental section
In this chapter the method and the experimental setup of EELS and the transport
measurements is explained. First, the preparation of the low-emissivity coatings at
Saint-Gobain Recherche is explained in detail. Subsequently, the methods that
were used to characterize the samples are briefly introduced, including transmission
electron microscopy (TEM), atomic force microscopy (AFM), and electron energy-
loss spectroscopy (EELS). Regarding the transport experiments, current techniques
to measure the resistivity of thin films will be discussed, pointing out their respective
advantages and disadvantages. A reproducibility study will be presented, which
gives valuable information about the most appropriate contact layout and contact
material for the measurements, and finally, details on the resistivity and Hall effect
measurements at room temperature as well as the temperature-dependent resistivity
measurements will be shown.
3.1 Samples for transport and EELS studies
3.1.1 Layer stacks
The basic layer stack of a silver-based low-emissivity coating consists of a thin silver
film (thickness between 10 and 15 nm) sandwiched between two dielectric layers. As
a result of ongoing development this basic layer stack has been improved and several
additional layers were added. In Figure 3.1, a typical layer stack for low-emissivity
coatings is shown. In the following, the various elements of the stack are briefly
discussed.
The substrate on which the films are deposited can be any transparent material,
depending on the purpose of the final product (e.g., architectural glass, automotive
glass, or polymer foils). The main part of the whole stack is the so-called functional
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Figure 3.1: Qualitative sketch of a typical multi-layer stack of a silver-based low-
emissivity coating.
layer, the function of which is to reflect infrared radiation. Owing to the properties
mentioned above, this layer normally consists of silver. In contrast to the this
layer, the role of the other layers of the multi-layer stack is not the reflection of
infrared radiation but primarily the support of the silver film, the improvement of its
functional properties, and the adjustment of optical properties in the visible range.
Using Al-doped ZnO (ZnO:Al) as material for the dielectric layer is advantageous
in many ways:
• The semiconductor ZnO exhibits a band gap of ∆E ≈ 3.4 eV, which makes
the material highly transparent for visible light. The n-doping by aluminum
has no influence on this property [62–64].
• Silver forms only small islands on the ZnO surface and the film becomes a
continuous layer already at very low thicknesses (in the range of a few nm).
This effect is governed by a quasi-epitaxy between the ZnO (0001) and the Ag
(111) surface. In this orientation, a moire´ superstructure of a 9× 9 Ag surface
cell and a 8×8 ZnO surface cell is formed, with a lattice mismatch amounting
to only 0.0065 % [65–67].
• A very crucial point regarding large-scale production and commercialization
is the low cost of the raw materials.
In more sophisticated systems, several supplemental layers are added. A layer be-
tween the substrate and the ZnO:Al film enhances the adhesion and can also provide
a smoother surface for the successive layer by clearing irregularities of the glass sur-
face. A material for this kind of film is, for example, Si3N4.
The function of the blocker layers is the protection of the silver from oxidation
(which occurs during the deposition process of the upper dielectric layer, where
reactive gases, like O2, are used) [68]. Therefore, an easily oxidizable material is
used, such as titanium or chromium. On top of the whole layer stack, another layer
can be deposited in order to protect the coating from the environment.
In the framework of this thesis, layer stacks of the basic structure ZnO:Al / Ag /
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ZnO:Al as well as stacks, which have a Ti-blocker layer between the silver layer
and the upper ZnO:Al layer (ZnO:Al / Ag / Ti / ZnO:Al), were characterized.
Furthermore, the effect of a thermal treatment was studied on samples of both
systems. The EELS analysis was only carried out on unannealed samples of the
layer stack ZnO:Al / Ag / ZnO:Al.
3.1.2 Sample preparation
All samples were prepared and coated at Saint-Gobain Recherche in Paris. The
layers were deposited by magnetron sputtering using a commercial in-line coating
machine manufactured by Leybold Optics. During the sputtering process the samples
were kept in a high vacuum and transfered through the plasma. The velocity of the
movement defines the final thickness of the layer. The machine is connected to
a clean room where the samples can be prepared and analyzed. The process of
magnetron sputtering is explained in detail below.
All samples for resistivity measurements were deposited on 2.1 mm thick float glass,
which was produced by Saint-Gobain Glass. Float glass is fabricated by casting
molten glass on a tin bath, where its temperature is gradually decreased. The final
product, the plain glass plate, exhibits a very low (macroscopic and microscopic)
surface roughness on both sides. However, the coatings are applied to the upper
side, as it exhibits less defects than the bottom side, which was in contact with the
tin bath.
The normal substrate size of the coater is 30× 30 cm. As the preferred sample size
for the transport measurements is 1 × 1 cm due to geometrical restrictions of the
measuring units, a large glass panel was cut into small substrate pieces by laser.
Afterwards, they were cleaned by an ultrasonic bath with a special de-ionized soap,
an ultrasonic bath with de-ionized water, and then dried utilizing high-pressured
nitrogen gas. The small samples were fixed by vacuum-suitable tape on a 30×30 cm
glass plate in a defined position to provide the same conditions during the sputtering
process for all samples. This glass plate was then transferred into the coater, where
the individual layers were deposited successively.
For the EELS samples, potassium bromide (KBr) single crystals were used as sub-
strate material. After deposition, the substrate was dissolved in order to obtain a
freestanding film consisting only of the multi-layer stack, because in the scattering
experiments the electrons must be able to penetrate the sample. Therefore, the
thickness of sample should not exceed 100 nm. More information concerning the
EELS sample preparation is given in Section 3.2.2.
Usually, the silver film of a low-emissivity coating has a thickness of about 10 nm.
At this thickness, optimal optical and functional properties are obtained. In the
framework of this PhD thesis, series of samples with ten different silver film thick-
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Figure 3.2: Photograph of the ZnO:Al / Ag / ZnO:Al sample series containing
samples with different silver films thicknesses.
nesses from 4 to 200 nm have been analyzed. Figure 3.2 shows a photograph of the
samples used for the transport study. The samples with very thin silver films seem
to be completely transparent. Samples with silver films thicker than 50 nm exhibit
a mirror-like surface and are not transparent at all. The ZnO:Al films above and
below the silver film is 20 nm thick for all samples.
3.1.3 Magnetron sputtering
Magnetron sputtering today is one of the most important flat glass coating tech-
nique. It is mainly used to manufacture low-emissivity layers, anti-reflective lay-
ers, mirror layers, and electro-chromic layers [6]. The advantages of this coating
technique compared to other techniques, such as physical vapor deposition or laser
ablation, are:
• very high deposition rates, with a uniformity of the deposited layer at the
nanometer-scale
• scalability to large area coating devices
• wide range of materials as targets (most of the metals, semiconductors, oxides,
alloys, etc.)
The working principle of this technique is shown in Figure 3.3. Sputtering in general
denotes the act of eroding atoms from a bulk material by high energetic ions of the
sputter gas. Mostly argon is used as sputter gas, because it is an inert gas and will
not react with the deposited material. However, for reactive sputtering (e.g. for the
deposition of ZnO) other sputter gases, like oxygen, are used. A high electric field,
which is applied between the substrate and the target, creates a plasma of the ions
of the sputter gas. Afterwards, the ions are accelerated by the field and hit the
target, whereupon atoms from the target are eroded. These atoms then condense
on the substrate, which is located close to the target. During magnetron sputtering
the plasma is amplified by a static magnetic field. By the Lorentz-force electrons
are kept inside the inside the plasma zone, which elongates their dwell time and
ionization effect. Hence, the ion concentration and therefore the sputtering effect is
enhanced [69,70].
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Figure 3.3: Sketch of the basic setup of a magnetron sputtering device. The working
principle is explained in the text.
3.2 Characterization of samples
3.2.1 Microanalysis
For the application of the size effect models, knowledge about the nature and quality
of the surface and the internal microstructure is of great importance. In order to
obtain a complete picture of the microscopic structure and the crystallographic
composition of the individual layers of the stack, the samples were characterized by
different methods. If possible, the same samples as those that were measured in
transport before were used for the characterization.
Basically, there are two quantities which are of main interest for the transport study:
(i) the thickness of each layer (during the deposition of the layers the thickness is
not measured, but estimated by the speed of the moving substrate)
(ii) the size of the grains in the silver layer
The investigations were done using microscopical methods, such as atomic force
microscopy (AFM) and cross-sectional transmission electron microscopy (TEM), as
well as an invasive method, which is secondary ion mass spectrometry (SIMS).
Transmission electron microscopy (TEM)
Cross-sectional transmission electron microscopy was performed on seven different
ZnO:Al / Ag / ZnO:Al samples (dAg = {4, 12, 20, 50, 200} nm before annealing
and dAg = {12, 20} nm after annealing). To guarantee comparability, the ana-
lyzed samples were coated during the same process as the samples for the transport
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Figure 3.4: Cross-sectional TEM image of a ZnO:Al / Ag / ZnO:Al sample with a
silver film thickness of 20 nm.
measurements on equivalent substrates (1 × 1 cm glass pieces). The preparation
of a thin lamella was done using a focused ion beam (FIB). The TEM measure-
ments were carried out at the University of Marseille1 for samples of the thickness
dAg = {12, 20, 200} nm and at the IFW in Dresden for samples of the thickness
dAg = {4, 50} nm.
Figure 3.4 shows an image of a TEM cross-section of a ZnO:Al / Ag / ZnO:Al multi-
layer stack. The individual layers can clearly be distinguished: the silver layer
appears much darker than the ZnO:Al layers. The TEM images were analyzed in
terms of silver film thickness and grain size using a standard software for microscopic
image analysis2. For the measurement of the silver film thickness, several images of
the same sample at different locations were taken into account in order to average
over a larger area. The thickness was determined by measuring the distance between
two parallel lines.
For the measurements of the grain size, dark-field images were analyzed. Dark-field
TEM is the combination of normal TEM and electron diffraction. By this technique,
only areas of the same orientation within the sample’s cross-section are brightened.
Thus, continuous bright areas represent single grains, of which the average diameter
can easily be determined.
Atomic force microscopy (AFM)
To obtain a more comprehensive and differentiated picture of the silver film mi-
crostructure, atomic force microscopy (AFM) was performed on two samples of
the ZnO:Al / Ag / ZnO:Al structure with different film thicknesses. This method
involves probing the morphology of a flat surface with a very tapered needle of tung-
sten, consisting only of a few atoms. With a defined force this needle is brought
very close to the surface. Then, by scanning a selected area line by line and keeping
1CP2M laboratory, Faculte´ Saint-Je´roˆme
2Leica IM50
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the force constant, changes in the surface height can be measured.
In order to probe the silver face of the ZnO:Al / Ag interface, the topmost ZnO:Al
layer has to be removed to expose the silver film underneath. The removal was
carried out by gluing a die on top of the sample using two-components epoxy3.
After one day drying at approximately 80◦C, the die was knocked off. The cleavage
plane is the plane between the silver layer and the upper ZnO:Al layer. In order
verify the success of the removal process and to be sure to probe the silver film, the
sample was inspected with an optical polarization microscope.
The measurements were performed on ZnO:Al / Ag / ZnO:Al samples with a 10
and 100 nm thick silver film at the IFW using a commercial AFM device4.
3.2.2 EELS
Working principle
Electron energy-loss spectroscopy provides an important insight into the variety of
excitations in a solid system. The information is obtained by measuring the energy-
loss of fast electrons that are transmitted through a thin film or layer stack. While
passing through sample, the electrons can interact with the free and bound electrons
of the system. In this process, the probing electrons experience an energy-loss and a
change in the momentum, whilest the electrons of the system become excited. The
energy-loss and the momentum transfer of the transmitted electrons directly maps
the electronic structure of the system. These excitations cover a large energy range
from about 1 to several 100 eV. A decisive advantage of this method, for example
compared to optical methods, is the ability to probe higher momentum transfers,
which allows the determination of the dispersion of the electronic excitations in the
system. A detailed summary about this topic is given by Reather [71].
The basic principle of the scattering process is sketched in Figure 3.5. An electron
with a momentum ~k and an energy E is scattered into a state with a momentum
~k′ and an energy E ′. The energy-loss ∆E and the momentum transfer q is defined
by:
∆E = E − E ′ (3.1)
and
q = k− k′ (3.2)
where the transfered momentum can be split into a perpendicular and a parallel
contribution, q⊥ and q‖, which fulfill the condition (q = |q|):
q2 = q2⊥ + q
2
‖ (3.3)
3Epoxy Technology, EPO-TEK H20E
4Veeco DI 3100
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Figure 3.5: Sketch of the EELS scattering geometry. The energy and momentum
of the incoming electrons is E and k, respectively. The scattered electrons have an
energy E′ and a momentum k′. The scattering angle is θ. The transferred momentum
q can be split up into a perpendicular part q⊥ and a parallel part q‖.
In transmission electron energy-loss experiments, as shown here, the energy and
momentum of the incident electrons are very large compared to the energy and
momentum of the electrons in the probed system. In the EELS device of the IFW,
the incident electrons have an energy of E = 172 keV, which corresponds to a
momentum of |k| = k ≈ 230 A˚−1. The momentums of interest are in the order of
q ≈ 1 A˚−1, i.e., q  k. Hence, the scattering angle θ is very small. For example,
for the upper case, θ is only about 4 mrad. Therefore, the following simplification
is valid [72]:
q⊥ = k′ sin θ ∼= k′θ ∼= kθ (3.4)
The parallel contribution of the momentum can be expressed by [72]:
q‖ ∼= k′∆E
2E
(3.5)
For energy-losses and scattering angles, which are typical for the here presented
experiments (e.g. ∆E = 10 eV and θ = 4 mrad), the ratio between q⊥ and q‖ is [73]:
q‖
q⊥
≈ 10−3 (3.6)
which means that all observed momentum transfers are lying nearly completely in
the plane perpendicular to the beam. For the elastic electron scattering experiments
(Bragg scattering) follows: only planes with reciprocal lattice vectors perpendicular
to the electron beam can be probed.
It is convenient to divide the scattering into two categories:
∆E 6= 0: inelastic scattering → loss functions
∆E = 0: elastic scattering → electron diffraction
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Figure 3.6: The electron loss function as measured in EELS for (a) a free elec-
tron gas (according to the Drude model) and (b) a bound electron (according to the
Lorentz model). The loss function =(−1/ε) is calculated from the real part ε1 and
the imaginary part ε2 of the dielectric function.
Loss functions
In the inelastic regime EELS measures the loss function = (−1/ε), where ε is the
complex dielectric function of the sample under investigation [72]. It consists of a
real part ε1 and an imaginary part ε2:
ε(ω) = ε1(ω) + iε2(ω) (3.7)
In Figure 3.6, the quantitative behavior of the real and the imaginary part of the
dielectric function is shown for a free electron gas and a bound electron (according
to the Drude-Lorentz model [74]). The calculated loss function is also shown in this
image. It exhibits a peak near the value of ε1 = 0, which is due to the condition:
=
(
− 1
ε(ω)
)
=
ε2(ω)
ε21(ω) + ε
2
2(ω)
ε1=0−→
ε21
∞ (3.8)
stating that a peak in the loss function only appears at energies where ε1 vanishes
and ε2 is small [71].
Electron diffraction
By detecting the elastically scattered electrons (∆E = 0) at different scattering
angles (q-values), it is possible to record the electron diffraction spectrum of the
samples. This technique allows us to gain insight into the crystalline structure of
the layers, similar to X-ray diffraction. The Bragg relation defines the condition for
constructive interference:
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Figure 3.7: (a) KBr crystal after layer deposition; (b) TEM gold net with a ZnO:Al
layer on top (hardly to be seen); (c) Si3N4 membrane after layer deposition.
λ = 2a sin θ (3.9)
where λ is the wave length of the probing beam, a the distance of the lattice planes,
and θ the scattering angle. Due to the small wavelength of the probing electrons
(E = 172 keV ⇒ λ = 0.03 A˚), the scattering angle θ must very small (θ < 0.5◦)
in order to achieve constructive interference between lattice planes with a typical
distance in the order of several A˚. Consequently, only directions of the reciprocal
lattice that are perpendicular to the beam direction can be probed [72]. In other
words, only lattice planes of the sample lying perpendicular to the layer surface (i.e.,
parallel to the beam direction) can be seen in the measurements.
Sample preparation
In the EELS experiments, the same layer stack as for the transport experiments,
namely ZnO:Al / Ag / ZnO:Al, was investigated. For electron scattering exper-
iments in transmission mode, the films have to be very thin (dsample ≤ 100 nm),
otherwise the electrons will not be able to pass through the sample. Therefore, a
free-standing layer stack without a substrate is required. This problem was solved
by depositing the layers on a KBr single crystal substrate5 (cf. Figure 3.7a). After
layer deposition, the substrate was dissolved in pure water, causing the layer stack
to float on the water surface from which it could be removed with a standard gold
TEM mesh (cf. Figure 3.7b).
A potential problem with this preparation procedure is that the layer stack is ex-
posed to water, which can lead to unpredictable effects, like a partial dissolving
of the ZnO:Al layer, or an accumulation of water between the layers. However, a
simple test, in which a single 100 nm thick ZnO:Al layer was put into water and
observed with an optical microscope, revealed that the ZnO:Al does not dissolve
within 2 days.
5The KBr crystals were produced commercially. The size of a crystal is 3× 4 cm. The surface,
on which the layers were deposited, is the (100) face of the crystal.
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Figure 3.8: Setup of the EEL spectrometer. Legend: 1 source; 2 monochromator;
3,8 zoom lenses; 4 accelerator; 5 sample; 6 deflection plates; 7 decelerator; 9 analyzer;
10 detector. By courtesy of A. Ko¨nig, IFW Dresden.
To insure maximal reliability for the measured data, an alternate sample preparation
technique was used. In this technique, the layers for investigation are deposited
directly on a thin membrane of silicon nitride (Si3N4). An example of this special
substrate is shown in Figure 3.7c. These membranes are fabricated commercially by
depositing a thin Si3N4 layer on top of a silicon substrate and, subsequently, etching
away the silicon from behind, creating a rectangular, 0.8 × 0.8 mm large area in
the middle of the substrate, consisting only of a 50 nm thick, free-standing Si3N4
membrane. This membrane is very fragile and it has to be handled very carefully.
The layers were deposited on these substrates, by fixing them on a common glass
plate and coating them along with the KBr substrates.
The advantage of the latter preparation method is that no further treatment of the
sample is necessary in order to obtain a free standing layer stack. The coated silicon
substrates can be directly transferred into the device. Thus, an exposition of the
layer stack to water is avoided. A disadvantage of this method is that not only
the ZnO:Al / Ag / ZnO:Al layer stack is probed, but also the 50 nm thick Si3N4
membrane below. Hence, the maximal thickness of the layer stack deposited on the
membrane has to be limited to 50 nm, in order not to exceed the maximal specimen
thickness of 100 nm.
Experimental setup
The setup of the EEL spectrometer is shown in Figure 3.8. Electrons, which are
emitted by a source cathode, are energetically selected by a monochromator. Suc-
cessively, electron optical elements (zoom lenses and slits) are utilized in order to
focus the beam on the sample. In the beginning of each measurement, the deflection
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components of the electron optics are tuned in order to achieve a maximal electron
flux through the sample. Before the electrons hit the sample they are accelerated to
an energy of 172 keV. Behind the sample, horizontal and vertical deflection plates
are located, by which the momentum transfer (scattering angle) of the scattered
electrons can be selected. The device is constructed mirror-symmetrically, i.e., the
electrons are decelerated before passing through the electron optics again. The en-
ergy of the scattered electrons can be selected by the analyzer before they will be
detected by a photomultiplier. All parts of the device are evacuated to ultra high
vacuum (p ≤ 10−8 mbar).
The device is configured to provide a monochromatic primary electron beam of
electrons with an energy of 172 keV [72]. The diameter of the beam is about 0.5
mm, which guarantees that a large sample area is probed. By zoom lenses, the beam
is focused onto the sample. The momentum of the scattered electrons can be selected
by horizontal and vertical deflection plates in the range of qx, qy = [−6, 6] A˚−1. The
spectral resolution is about 85 meV, the momentum resolution is 0.03 A˚−1.
The measurements were performed in the low-energy region from 0.3 eV to 14 eV.
In order to measure the dispersion of the plasmons, the loss functions have to be
recorded at different momentum transfers. The minimum momentum transfer that
can be measured is 0.045 A˚−1. At lower momentums, the direct beam of the unscat-
tered electrons superimposes the spectrum of the scattered electrons. As a maximum
momentum transfer of 6 A˚−1 would theoretically be possible, practically however,
the limit for measuring plasmonic excitations lies at about 0.5 A˚−1, due to the scat-
tering cross-section, which decreases proportional to q2. The higher the q-value, the
longer has to be measured to obtain reliable data of the loss function. For instance,
for the loss function at q = 0.4 A˚−1, the measurements were repeated 84 times and
summed up. For q = 0.05 A˚−1, only one scan is necessary to obtain a well-defined
loss function.
In addition to the q2 dependence of the scattering cross-section, the intensity of a
plasmonic excitation decreases proportionally to q2 for volume plasmons, and for
surface or interface plasmons it even decreases proportionally to q3 [71]. This effect
will be discussed in more detail in Chapter 4.
3.3 Methods to determine transport properties of
thin films
The sheet resistance of a thin film can be measured in different ways. In Figure 3.9,
some methods are shown, which are all four-point methods. In four-point methods,
two points are used to pass through a defined current and two points are used to
sense the voltage signal. The advantage of this geometry is that almost no current
flows through the voltage contacts, hence, the resistance of the contact itself can
3.3 Methods to determine transport properties of thin films 37
Figure 3.9: Techniques for measuring the sheet resistance of thin films. (a) Four-
terminal method for conducting stripes. (b) Four point probe with contact needles.
(c) Van der Pauw method for measuring the sheet resistance of an arbitrarily shaped
film. From [75].
be neglected. In the following, several methods will be discussed regarding the
advantages and disadvantages for their application on multi-layer systems, like the
ones investigated in this thesis.
Four-terminal method (cf. Figure 3.9a)
In the four-terminal method, the conduction layer has a shape as shown in Fig-
ure 3.9a, where the film itself forms the outer current and the inner voltage leads.
The principle is similar to transport measurements on bulk. The resistivity can be
calculated by [75]:
RS =
w
l
V
I
(3.10)
where l is the distance of the voltage contacts and w the width of the stripe. In
the case of a square film (l = w), the sheet resistance is directly determined by
RS = V/I
Advantages:
• contact resistance problems are eliminated
• uniform current flow from the left to the right voltage contact
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Disadvantages:
• the specific shape of the layer requires patterning before the deposition.
Four-point probe method (cf. Figure 3.9b)
In the four-point probe method, four metal tips forming a line or a square are
mechanically pressed to the layer surface. The current passes through the outer
tips, the voltage is measured by the inner tips. If the distance of the tips is large
enough (relative to the thickness of the film), the sheet resistance can be calculated
by [75]:
RS =
pi
ln 2
V
I
(3.11)
Advantages:
• very fast method (no patterning or contacting required)
Disadvantages:
• uniform current flow between the tips cannot be guarantied
• inappropriate for temperature-dependent measurements in a helium dewar
• dimension of the sample should be large enough to avoid edge effects
Van der Pauw method (cf. Figure 3.9c)
With the method, which was developed in 1958 by L. J. van der Pauw, it is possible
to measure the sheet resistance of an arbitrarily shaped sample. The conditions
are [76]:
(i) no holes inside the film
(ii) the contacts should be small and located at the edge of the sample
The sheet resistance is then calculated by [76]:
RS =
pi
ln 2
RAB,CD +RBC,DA
2
f
(
RAB,CD
RBC,DA
)
(3.12)
with RAB,CD = VCD/IAB and RBC,DA = VDA/IBC . f is the correction function,
which allows the sample to be shaped arbitrarily. For homogeneous, quadratically-
shaped films f ≈ 1.
By applying a magnetic field B perpendicular to the sample surface and measuring
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Figure 3.10: Contact layout of a 4-stripe resistivity measurement. The big outer
contacts panels are used for the current and the thin inner panels are used to sense
the voltage.
the resistance in two diagonal configurations, the Hall coefficient can be extracted:
RH =
d
B
VAC
IBD
(3.13)
where iBD is the applied current, and VAC the measured Hall voltage in a specific
magnetic field B. In zero magnetic field no voltage signal is measured because
all electrons pass straightly through the sample. If a magnetic field is applied the
conduction electrons are deflected by the Lorentz force and the perpendicular voltage
signal increases. For a metal, this so-called Hall voltage exhibits a linear dependence
on the magnetic field. The Hall coefficient is then determined by the slope of these
lines.
From the Hall coefficient the charge carrier density can be determined by [8]:
N = − 1
eRH
(3.14)
where e is the elementary charge.
Advantages:
• sheet resistance and Hall constant can be measured at the same time
• no specific shape of the sample is required
• geometric imperfections of the contacts have no influence on the measured
signal
Four-stripe method (cf. Figure 3.10)
In this method, four stripes of a conducting material are deposited on the film
surface, e.g. by thermal evaporation or sputtering. To minimize the geometric error,
the inner stripes, where the voltage V is sensed, should be very thin. The sheet
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resistance can be calculated as in the four terminal method by:
RS =
w
l
V
I
(3.15)
where w is the width of the sample, and l the distance between the inner stripes.
Advantages:
• large sample area is probed, which reduces the influences of small defects in
the film
• well suited for low temperature measurements
Disadvantages:
• precise sample and contact geometry is obligatory
In this thesis, van der Pauw measurements were performed to obtain the sheet
resistance and the Hall coefficient at room temperature. For temperature-dependent
resistivity measurements, both the 4-stripe method and the van der Pauw method
were utilized. A comparison between both methods applied on the same sample
resulted in a very good agreement (cf. Section 3.5.2).
For all the transport measurement methods presented above, the only quantity which
is obtained directly is the sheet resistance. The resistivity – the quantity of interest
– is always calculated by taking into account the thickness d of the film:
ρ = RS · d (3.16)
Due to the fact that the resistivity scales linearly with the film thickness, an accurate
determination of this quantity is essential.
3.4 Reproducibility study
A detailed study on the reproducibility of the electrical transport measurement was
carried out before series of samples have been investigated systematically. The aim
of the study was to find an optimal procedure for the measurements in order to
minimize errors and to enhance the reliability of the measured values. The focus
was put on two main points:
• the right choice of the measurement method (cf. Section 3.3)
• material for the contacts and type of application (chemical or mechanical con-
tacting)
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In order to improve the reproducibility of the resistivity and Hall measurements gold contacts 
were evaporated in different geometries (see Fig. 1) onto the sample surface instead of using 
silver paint as contact material. Problems occurred during connecting the sample to the chip 
carrier via bonding with 100µm Al-wire, because the adhesion of the gold film to the topmost 
layer (ZnO or AZO) was too bad and the bond contacts ripped off (see Fig. 2). As contact 
layer a Cr(5nm)/Au(50nm) or a Cr(10nm)/Au(100nm) stack was used. A test with 
NiCr6(100nm) as contact material is in progress. Before the coating the samples were cleaned 
in an ultrasonic acetone bath for 5 minutes. 
There are several alternatives if the adhesion of the contacts cannot be increased. E.g., the 
contacts for the van der Pauw measurements can be bond directly on the sample (Fig. 3) and 
for resistivity measurements in 4-stripe geometry Cu-wires can be fixed to the gold contacts 
using silver paint (Fig 4). Both alternatives were tested and performed reliable results (Fig. 5 
and 6).  
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Figure 3.11: Transport samples with evaporated gold contacts (a) in van der Pauw
geometry, and (b) in 4-stripe geometry. All distances are in mm.
The realization of this study constitutes an important part of the thesis demanding
a lot of time. Individual workpieces (e.g., sample holder, evaporation masks) con-
tributing to the enhancement of the measurement process had to be developed for
this specific purpose, fabricated and tested.
Ten samples of the layer stack ZnO:Al (20 nm) / Ag (10 nm) / ZnO:Al (20 nm),
coated all together at the same time, were measured by different methods, whereas
each method was applied to all samples to achieve a maximum comparability. The
study was realized by first measuring transport in van der Pauw geometry without
gold contacts, then with gold contacts (as shown in Figure 3.11a), and finally in
4-stripe geometry (as shown in Figure 3.11b).
3.4.1 Measurement method
In principle, any method should – if applied correctly – give the same value for the
measured property. In this thesis, two different methods were applied: the van der
Pauw method [76] and the 4-stripe method, which was developed analogously to
the four-point method for bulk samples. The main difference between these two
techniques is the contact layout, which is shown in Figure 3.11.
Although gold contacts are not a requirement for the van der Pauw method, because
it only states that the contacts have to be small and close to the edge of the film, gold
contacts were applied to the corners of the samples in order to strengthen the con-
nection between contact wire and sample. In contrast, for the 4-stripe measurement
gold contacts on the sample are essential.
The big advantage of the 4-stripe measurements is that the sample is probed over
a large area and therefore small defects in the film are averaged out. Furthermore,
only two voltage measurements have to be carried out to obtain one resistance value:
one for each direction of the applied current.
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Figure 3.12: Sketch of a chip carrier as used for transport measurements on 10 ×
10× 2.1 mm glass samples.
In contrast, the van der Pauw measurements are more sensitive to defects in the
films, because of the point-like contacts. Here, for one resistance value four voltage
measurements have to be conducted: one for each configuration and each current
direction, respectively (cf. Section 3.3). Next to the resistivity measurement, the
Hall effect was measured at room temperature in this geometry.
3.4.2 Contact material
In the beginning of the thesis a series of tests have been carried out, in order to
find the ideal contact material for our purpose. Several conductive adhesives con-
taining silver particles6 and pure indium (by soldering) were used in combination
with 50 µm copper wire. Here, the best results could be achieved with Dupont silver
paint, with which most precise and durable contacts could be made. Nevertheless,
adhesion problems occurred during temperature-dependent transport measurements
producing jumps in the resistivity curves or causing the contacts to chip off.
An alternate solution is the contacting by ultrasonic bonding. A 25 µm thick wire
of aluminum is being pressed on the surface, and by applying ultrasonic pulses, the
aluminum diffuses into the sample forming a stable junction. The diffusion depth is
in the order of several µm. This technique has many advantages: no solvents have
to be used (like for silver paint), the area of the contact is not heated (like during
soldering), and the contact can be positioned very precisely under a microscope. To
apply this technique, which is normally used for films deposited on thin Si-wafers,
an adapted sample holder had to be constructed. In Figure 3.12, the design of such
a modified chip carrier is shown.
The carrier consists of three parts: a one millimeter thick copper plate and two
ceramic parts, on which contact panels for the bonding and contact feet for the
connection to the measurement device are attached. Copper is chosen as the material
for the base plate because of its high thermal conductivity. The sample is fixed to
6Demetron silver paint, Dupont silver paint, Epoxy Technology, EPO-TEK H20E
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Figure 3.13: Results of the reproducibility study: sheet resistance at room tempe-
rature of ten equal samples of the layer structure ZnO:Al/Ag(10 nm)/ZnO:Al. The
measurements were performed in different geometries using either evaporated gold
contacts (blue, red) or direct bonds on the sample surface.
the copper plate by double-sided tape7, which has admissible adhesion properties
also at very low temperatures. A big advantage of these carriers is that a sample,
once mounted, can be measured with the same contacts in different devices.
Regarding the evaporation of a contact layout on the sample, several parameters
were tested to achieve a durable gold film. For example, an underlayer of chromium
had to be added in order to achieve an adequate adhesion of the gold layer. Fur-
thermore, effects of (i) the thickness of the gold contacts and (ii) the position of the
contact wires on the gold stripes (in the 4-stripe method) were also studied.
3.4.3 Results
In Figure 3.13, the results of the study on different measurement geometries are
shown. The sheet resistance of ten equal samples, which were produced during one
sputtering process, was first measured in van der Pauw geometry with bond contacts
directly on the sample surface, then in van der Pauw geometry with evaporated
gold contacts in the corners of the sample, and finally in 4-stripe geometry with
line-shaped gold contacts (thickness 100 nm). The samples 5–10 were marked with
7tesa R© Doppelband
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ink at the sides before the layer deposition process in order to avoid deposition on
the sides of the substrate. After deposition, the ink was removed in an ultrasonic
ethanol bath.
Between the different measurement geometries, a systematic offset can be observed
in the sheet resistance. The difference between the two measurements in van der
Pauw geometry is only small: the sheet resistance of the samples with gold contacts
(red squares) is about 2 % smaller than the sheet resistance of the samples, which
were directly bonded on the surface (black circles). The reason might be a slight
annealing of the silver layer during deposition of the gold contact layers. As the
deposition is carried out in a thermal evaporator, temperatures up to 1300◦C have
to be reached in the crucible in order to melt gold. Although the sample is located
far away from the crucible, a temperature increase at the sample surface cannot be
ruled out.
A stronger deviation is documented for the sheet resistance measured in 4-stripe
geometry (blue triangles): the values are about 10 % lower than those measured in
van der Pauw geometry. This effect may be explained by:
(i) an insufficient thickness of the evaporated gold stripes and hence, an inhomo-
geneous current distribution all over the sample
(ii) an incorrect positioning of the bond contacts
During this experiment, the positions of the bond contacts for the current was
opposite to those of the voltage contacts. Severals tests referring to this problem
revealed that all bond contacts have to be placed in the middle of the stripes and
the gold film should be at least 200 nm thick.
Figure 3.13 reveals a low reproducibility even within a single sputtering process,
which is a fundamental problem of layer deposition. The absolute values of the
sheet resistance vary about 8 %. These variations are caused by differences in the
microstructure and thickness of the silver film, which can have several reasons:
• inhomogeneous sputter plasma due to a non-uniform erosion of the target or
owing to small variations in the pressure of the sputter gas
• oxidation of the silver film during the sputtering of the upper ZnO:Al film (O2
used as reactive gas during the ZnO:Al deposition)
Further results of the reproducibility study are listed below:
• No significant difference in the sheet resistance between samples marked with
ink at the sides and samples without any markings could be observed.
• Due to many persuasive advantages (very high durability, precise contact po-
sitioning), ultra-sonic bonding with 25 µm Al-wire was chosen as the best
contacting method.
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• The optimal probing current was determined to be 1 mA for layer stacks
with a silver film thinner than 50 nm and 10 mA for thicker ones. For the
higher-current contacts, double-bonds (two separate, but very close, bonds)
were used.
• The reproducibility in the Hall effect measurements is better than in the sheet
resistance measurements. The absolute values of the Hall resistance RH vary
in the range of 4 %.
3.5 Electrical transport measurements
3.5.1 Transport measurements at room temperature
The first characterization of the samples was done under standard conditions, i.e.,
under normal pressure pn ≈ 1 bar, and a stabilized temperature of Tn = 295 K.
To guarantee constant temperature and electromagnetically shielded conditions, all
room temperature transport measurements were carried out in a 9 T-magnet device.
The sample (on the chip carrier) was mounted in a probe and covered by a copper
cylinder, which can be heated in order to achieve stable temperatures in the range
of 290 to 350 K with a stability in the order of 10 mK.
The temperature was measured by a PT100 temperature sensor located close to the
sample surface and regulated by a commercial PID controller8. The sheet resistance
was determined by applying a defined current9 and measuring the voltage signal10.
Depending on the contact geometry, the sheet resistance is calculated according to
equation 3.12 or 3.15. The switching of the current-carrying contacts (required only
for the van der Pauw method) was realized by a PC-controllable switching device11.
The sheet resistance measurements were carried out without applying a magnetic
field (zero field). For the Hall effect measurements, a high magnetic field perpen-
dicular to the layers is required. For this purpose, superconducting magnet coils of
NbTi, which are cooled by liquid helium12, were used. The magnetic field strength
was controlled by an associated current source13, which is able to set a magnetic
field in the range of 0 to 9 T with an accuracy of 0.1 mT.
8Temperature controller: Lakeshore 340
9Current source unit: Keithley 2400 Source Meter
10DC voltage measurement unit: Keithley 2000-20 Multimeter
11Keithley 7001 Switch System
12Oxford Teslatron
13Oxford IPS 120-10
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Figure 3.14: Left: Measured resistance (raw data) versus temperature of a ZnO:Al /
Ag (12 nm) / ZnO:Al sample. The blue curve was measured during cooling the
sample, the green one during heating. The red curve is the calculated average of both
curves. Inset: Zoom of the area, marked with a dotted line. Right: Resistivity versus
temperature of a ZnO:Al / Ag (8 nm) / ZnO:Al sample measured in van der Pauw
geometry and subsequently, in 4-stripe geometry (same sample).
3.5.2 Temperature-dependent resistivity measurements
The resistivity was measured in the temperature range of 4.5 to 295 K. During the
first year of the thesis, a device for fast temperature-dependent electrical transport
measurements, simply called Dipstick, was developed and constructed.
In simple terms, the device operates as follows: a steel rod with the sample mounted
at its end is being driven into a dewar filled with liquid helium. During the running-
in (and also -out), the sample cools down (heats up), whereas the sheet resistance
is measured incessantly. Due to the distance between the temperature sensor and
probed layer stack, the temperature of the layer stack does not exactly correspond
the temperature measured and assigned to the resistance value (the temperature is
delayed). Hence, the cooling and the heating curves differ slightly from each other
(cf. Figure 3.14a). This effect is averaged out by using the mean of both curves (red
line) for the following analyses.
In order to verify the consistency of the resistivity measurements for both geome-
tries, one sample was measured first in van der Pauw geometry and subsequently
in 4-stripe geometry using 200 nm thick gold contacts evaporated on the sample
surface. In Figure 3.14b, both curves are shown. The differences in the absolute
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resistivity value and in the temperature-dependent contribution are very small. The
resistivity at room temperature measured in 4-stripe geometry is about 0.024µΩcm
(0.5 %) higher than the one measured in van der Pauw geometry. The value of
the temperature-dependent contribution of the resistivity (ρ − ρ(4.5 K)) is about
0.8 % higher for the measurement in 4-stripe geometry. These small devations can
be neglected thus, both geometries can be equally applied, also for temperature-
dependent measurements.
During the operation of the measurement, the van der Pauw resistance could only
be obtained in one configuration (RAB,CD). In order to calculate the sheet resistance
according to equation 3.12, the other configuration (RBC,DA) was measured at room
temperature and determined for the entire temperature range by:
RBC,DA(T ) =
RBC,DA(295 K)
RAB,CD(295 K)
RAB,CD(T ) (3.17)
Out of both resistance values, the sheet resistance and the resistivity could be cal-
culated.
All following temperature-dependent resistivity measurements were performed in
van der Pauw geometry without gold contacts. Since most of the samples had to be
annealed, gold contacts were not applied in order to avoid the gold diffusing into the
layer stack and changing its electrical properties. By using Al bond contacts directly
on the sample surface and removing them after the measurement, each sample could
be investigated several times, e.g. before and after the annealing cycles.
During the measurement, a defined current was applied14 and the resulting voltage
signal was assessed15. The temperature was measured by a temperature sensor,
suitable for low temperatures16, in combination with a commercial monitoring unit17.
The resistivity curves were recorded using the following temperature sweeps:
(i) 295 K - 50 K: rate 3 K/min
(ii) 50 K - 4.5 K: rate 1 K/min
(iii) 4.5 K - 50 K: rate 1 K/min
(iv) 50 K - 295 K: rate 3 K/min
14Current source unit: Keithley 2400 Source Meter
15DC voltage measurement unit: Keithley 2182A Nanovoltmeter
16Temperature sensor: Cernox CX-1050-SD
17Temperature monitor: Lakeshore 211
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The voltage signal and the temperature was measured every 5 seconds switching
the polarity of the probing current after each measurement, in order to reduce the
error arising from electromagnetic induction in the current-carrying wires. Conse-
quently, one data point (temperature; resistance) is calculated from the average of
two consecutive measured values, respectively.
Chapter 4
Electron energy-loss spectroscopy
In this chapter the results of the electron scattering experiments on the ZnO:Al /
Ag / ZnO:Al samples are presented. By EELS information about the electronic
structure of a system, which can either be a single material or a composite material,
are obtained. The investigation of silver-based low-emissivity coatings by this tech-
nique, gives the opportunity to examine the electronic properties of the silver film
but also those of the interfaces to the neighboring layers. Here, the big advantage is
that the interfaces can be probed non-invasively, i.e., without the need of removing
several layers (like it has to be done for AFM measurements).
The experiments are carried out with the aim to characterize the electronic and
structural properties of the layer stack. The focus lies on the crystalline structure of
each layer of the stack and the collective excitations of electron gas of the silver film.
For those excitations a unique discrimination between excitations in the bulk silver
film and excitations at the interface to the ZnO:Al layers is possible. Similar to the
transport measurements, also in EELS the properties of the conduction electrons of
the silver are probed. Thus, it is possible to compare the results of these different
techniques in terms of electron scattering.
In the first part the results of the elastic electron scattering experiments are shown.
Here, Bragg patterns of the stacks are obtained, similar to those obtained by X-ray
diffraction experiments. A quantitative analysis of the intensity of the respective
Bragg peaks allows us to conclude on the distribution of the orientations of the
grains, i.e., the presence of textures. Furthermore, the structural properties are
investigated with respect to the film thickness of the silver film.
In the second part, the results of the inelastic electron scattering experiments are
presented. Energy-losses of the scattered electrons are analyzed and discussed with
respect to their origin (bulk, surface or interface), dispersion (dependence of the loss
energy on the scattering angle) and excitation width.
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Figure 4.1: Diffraction pattern of elastically scattered electrons of a ZnO:Al / Ag /
ZnO:Al film with a silver film thickness of dAg = 50 nm. The image shows the two
directions of the reciprocal space which are parallel to the sample surface. The brighter
the color the higher is the scattering intensity.
4.1 Elastic scattering
The investigations involve multi-layer systems of the structure ZnO:Al (20
nm) / Ag (dAg) / ZnO:Al (20 nm) with different silver film thicknesses dAg =
{0, 8, 10, 20, 50, 100} nm. In addition, Single layers of the components of the stack
(Ag and ZnO:Al) were measured and used as references for the multi-layer stack.
The samples were characterized with respect to their crystalline microstructure by
electron diffraction. In Figure 4.1, the electron diffraction pattern of a ZnO:Al /
Ag (50 nm) / ZnO:Al multi-layer is shown in the qx-qy-plane (parallel to the sample
surface) of the reciprocal space. The circular shape of the intensity distributions
clearly indicates the polycrystalline structure of the layer stack including the ZnO:Al
and silver layers. The uniformity of the circles is a clear indication for the absence
of a texture in the plane parallel to the substrate.
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Figure 4.2: Diffraction spectra of elastically scattered electrons on: a ZnO:Al (100
nm) film sputtered on KBr (blue dashed line), a silver film cut from a silver polycrystal
using an ultramicrotome (red dotted line), and a ZnO:Al (20 nm) / Ag (50 nm) /
ZnO:Al (20 nm) multi-layer sputtered on KBr (black solid line). The numbers denote
the Miller indices of the respective peaks (regular: ZnO; italic: Ag).
The cross section of Figure 4.1 in qx-direction is presented in Figure 4.2 along with
similar measurements on individual ZnO:Al and silver layers, respectively. The silver
film was produced by cutting an approximately 100 nm thick slice from a bulk silver
polycrystal using an ultramicrotome. A comparison of these scans to tabular data
of a powder diffraction data base [77] allows to assign the peaks to Miller indices
of silver (cubic)1 and ZnO (wurtzite, hexagonal)2. Due to the reflection conditions3
not all combinations of the Miller indices exhibit a peak in the spectrum. For
instance, the (0001) reflection of ZnO, and the (100) and (110) reflections of silver
are forbidden. The effect of the Al-doping on the ZnO lattice, i.e., a reduction of
the lattice constant due to the substitution of Zn ions by Al ions [79], is too small
to be resolved by this kind of measurement.
In Figure 4.3, a comparison between the diffraction spectra of ZnO:Al / Ag /
ZnO:Al samples with different silver film thicknesses is shown. For the stack with-
out silver (dAg = 0), only the peaks of ZnO:Al appear in the spectrum. Even for a
very thin silver film of 8 nm, Bragg peaks of the silver crystallites become clearly
visible. With increasing film thickness, the intensity of the silver peaks increases
with respect to the intensity of the ZnO:Al peaks. This effect is simply caused by
the higher mass fraction of silver in the whole stack.
1space group: Fm3¯m
2space group: P63mc
3reflection conditions Fm3¯m (from [78]):
(1) hkl : h+ k, h+ l, k + l = 2n (2) 0kl : k, l = 2n (3) hhl : h+ l = 2n (4) h00 : h = 2n
reflection conditions P63mc (from [78]):
(1) hh-2hl : l = 2n (2) 000l : l = 2n
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Figure 4.3: Diffraction spectra of the elastically scattered electrons of several samples
of the layer stack ZnO:Al / Ag / ZnO:Al with different silver film thicknesses. The
spectra are normalized to the ZnO:Al (101¯0) peak. The numbers denote the Miller
indices of the respective peaks (regular: ZnO:Al; italic: Ag).
The absence of the ZnO (0002) peak which should occur at q = 2.41 A˚−1indicates a
significant (0001) texture in the ZnO:Al layer, caused by a columnar grain growth
of ZnO:Al with the (0001) axis perpendicular to the surface. The same texture has
already been observed for ZnO:Al films sputtered on glass [80].
A quantitative determination of all textures in the multi-layer stack is not possible
by this method. Due to the measurement geometry, only Bragg reflections in qx
and qy direction can be attained. For a determination of an out-of-plane texture,
the third dimension of the reciprocal space, qz, also would have to be detectable.
Nevertheless, a preferred orientation of the grains can be determined qualitatively by
comparing the peak intensities Ihkl (integrated peak area). A comparison between
the relative intensities of the diffraction peaks of silver in the multi-layer and those of
the silver polycrystal (cf. Figure 4.2) reveals significant differences in the proportions.
For instance, the (220) peak is much more pronounced in the layer stacks than in
the polycrystal. (The absence of a texture in the silver polycrystal was proved by
comparing the relative peak intensities to tabular values [77].) Normalizing the
entire spectrum to the sum of the intensities of all measured peaks, the deviation of
each peak from a polycrystalline intensity can be quantized by:
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dAg (nm) 8 10 20 50 100
T111 0.89 0.94 0.87 0.77 0.76
T200 0.94 0.95 0.95 1.02 1.01
T220 1.58 1.37 1.63 1.85 1.91
Table 4.1: Relation between the peak intensities of the silver crystallites in the
ZnO:Al / Ag / ZnO:Al multi-layer stack and those of the silver polycrystal. The
values are calculated according to equation 4.1.
Thkl =
I layer stackhkl /I
layer stack
total
Ipolycrystalhkl /I
polycrystal
total
with Itotal = I111 + I200 + I220 (4.1)
In Table 4.1 the values calculated by equation 4.1 are summarized for all measured
Bragg spectra. The largest deviation from a polycrystalline peak intensity distri-
bution is seen for the (220) peak. In the multi-layer stacks this peak exhibits an
intensity, which is about 50 % higher than the same peak in the polycrystal. The
effect is more pronounced for the layer stack with a thicker silver film. In contrast,
the (111) peak exhibits less intensity in the layer stack compared to the polycrystal.
The (200) peak basically exhibits the same intensity in the stacks as well as in the
polycrystal. The deviations observed for the (111) and the (220) peak indicate the
presence of a texture in the silver film. Anyway, a unique conlusion about the type
(out-of-plane or in-plane) and strenght of this texture cannot be drawn by this kind
of measurement.
However, there are other techniques by which the texture of thin films can be ex-
amined. For example, synchrotron X-ray studies indicated that silver preferably
grows in (111) orientation on top of the ZnO (0001) surfaces, due to a quasi-epitaxy
between these two crystalline surfaces [66,67].
4.2 Inelastic Scattering
Inelastic electron scattering means that, in addition to the momentum change of
the scattered electrons also their change in energy is measured. Upon scattering,
the probing electron transfers its energy to the interacting electron or quasi-particle.
Due to the fact that the total energy of the system has to be conserved the excitation
energy equals the energy-loss of the scattered electron. In the following, the intensity
distribution of this energy-loss E, the so-called loss function, will be shown for
different systems at different scattering angles (momentums) q.
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Figure 4.4: Loss spectra of (a) a 100 nm thick single ZnO:Al film, (b) a 50 nm thick
single silver film and (c) a ZnO:Al (20 nm) / Ag (50 nm) / ZnO:Al (20 nm) multi-layer
stack. The dashed lines indicate the positions of bulk plasmonic excitations (volume
plasmons).
4.2.1 Loss functions
Figure 4.4 shows the loss spectra of a single ZnO:Al film, a single silver film, and a
ZnO:Al / Ag / ZnO:Al multi-layer stack in comparison. The spectra were recorded
at a momentum transfer of q = 0.05 A˚−1. The single ZnO:Al film (cf. Figure 4.4a)
exhibits increasing intensity starting at about 3 eV, which is caused by interband
transitions across the band gap [81]. The spectral structures at higher energies are
due to further interband transitions involving valence and conduction bands with
higher and lower binding energies, respectively.
In the loss spectrum of the single silver film (cf. Figure 4.4b) two sharp peaks are
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observed very close in energy at ESP = 3.6 eV and EVP = 3.8 eV, where the
energetically higher peak is due to the so-called volume plasmon, and the lower
one due to the corresponding surface plasmon [52]. Another feature, which is much
broader, is observed at 8.0 eV. This excitation is a result of a strongly damped
volume plasmon [52]. The energetic position and the sharpness of the plasmonic
excitations at 3.6 and 3.8 eV result from an interband transition between the narrow
4d band and the 5s conduction band (explanation see below).
In the ZnO:Al / Ag / ZnO:Al layer stack (cf. Figure 4.4c) both silver volume plas-
mons (at 3.8 eV and at 8.0 eV) can be observed, too. Note that there is a su-
perposition of the loss spectra of silver and ZnO:Al, which makes the assignment
of individual structures more difficult. Due to the embedment of the silver film in
ZnO:Al, the energy of the silver surface plasmon, which now is an interface plasmon,
shifts to a lower energy of EIP = 2.9 eV. This shift is a direct consequence of the
variation of the dielectric properties of the neighborhood.
Note that the interface plasmon is much broader than the surface plasmon of pure
silver. This effect arises from an increased roughness at the interface and a chemical
gradient due to the formation of silver oxide (which is a side product of the ZnO:Al
deposition onto silver) at the upper interface [68]. Due to different local electrical
fields, the energy of the plasmonic excitation varies in a wider range and the peak
becomes broader. The width of the peaks will be discussed in more detail in Section
4.2.3.
Explanation of plasmon energy shift
In order to understand the shift of the resonance energy of the surface loss to lower
energies, it is useful to visualize the situation from the optical point of view. In
general, the condition for the occurrence of a plasmonic excitation is [71]:
ε1 (ω) = 0 (4.2)
where ε1(ω) is the real part of the dielectric function ε(ω) of the material.
However, this condition is only valid for a homogeneous material. In the case of plas-
monic excitations near the surface or at the interface, the real part of the dielectric
function of the neighboring material ε′1(ω) has to be taken into account [82]:
ε1 (ω) + ε
′
1 (ω) = 0 (4.3)
As for vacuum the dielectric function takes the value εvac1 = 1, a surface plasmon
occurs at the position where ε1(ω) = −1. In the case of a free electron gas (dielectric
function see Figure 3.6a), this position is defined by [71]:
ESP =
EVP√
2
(4.4)
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Figure 4.5: Real part of the dielectric function ε1 versus energy for silver, ZnO:Al
and the ZnO:Al / Ag interface. The dashed lines indicate the energetic positions of
the respective plasmons. The data of silver is taken from [83]. The data for ZnO:Al
was measured at Saint-Gobain Recherche using an optical method.
where ESP and EVP is the energy of the surface and volume plasmon, respectively.
However, in silver the situation is different. The free electrons are influenced by
electronic transitions between the narrow 4d band and the 5s conduction band.
This transition renders the real part of the dielectric function ε1 (ω) very steep near
its root [84]. The result is a dielectric function as shown in Figure 4.5 (red line).
According to the conditions 4.2 and 4.3 the volume plasmon occurs at EVP = 3.8
eV and the surface plasmon at ESP = 3.6 eV. The small energetic difference, which
contradicts equation 4.4, is caused by the steepness of the real part of the dielectric
function in this energetic range.
The position of the interface plasmon can be determined by superposing the real
part of the dielectric functions of silver (red line) and ZnO (blue line). The root of
this superposition (black line) defines the energetic position of the interface plasmon.
Consequently, the interface plasmon occurs at the energetic position of 3.0 eV, which
is in good agreement with the observation of the interface plasmon peak at EIP = 2.9
eV in EELS. However, it must be mentioned that the optical measurements, from
which ε1 has been calculated, indicate the situation of q ≈ 0. This condition cannot
be achieved by EELS.
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Figure 4.6: Loss spectra of a ZnO:Al (20 nm) / Ag (dAg) / ZnO:Al (20 nm) layer
stack with a silver film thickness of (a) dAg = 50 nm and (b) dAg = 10 nm. The
spectra were recorded at different momentums q. The upmost spectrum represents
the lowest q-value. The loss intensities were normalized to the intensity at 14 eV.
Momentum dependence
In Figure 4.6, the loss spectra of ZnO:Al / Ag / ZnO:Al layer stacks with a thin
silver film (dAg = 10 nm) and a thicker silver film (dAg = 50 nm) are shown as a
function of momentum transfer q. All spectra are normalized to the loss intensity
at 14 eV. The volume plasmon at 3.8 eV is much more pronounced in the thicker
sample, whilst the difference in the intensities of the interface plasmons is not as
prominent. The energetic position of the volume plasmon is almost independent of
the film thickness.
In both samples a positive dispersion can be clearly seen for the volume plasmon
as well as for the interface plasmon. The energy of the volume plasmon increases
with increasing q-value from 3.8 eV at q = 0.045 A˚−1 to 4.1 eV at q = 0.3 A˚−1. At
the same time the intensity of the plasmon peak decreases until it vanishes above
q = 0.3 A˚−1. Compared to the volume plasmon, the dispersion of the interface
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plasmon is stronger. The energetic position of the peak increases from 2.95 eV at
q = 0.045 A˚−1 to 3.4 eV at q = 0.12 A˚−1 for the 10 nm sample and from 3.05 eV at
q = 0.045 A˚−1 to 3.25 eV at q = 0.12 A˚−1 for the 50 nm thick sample. Furthermore,
the intensity decreases much faster and the peak already vanishes above q = 0.12
A˚−1. The reason for the strong decrease in intensity is the scattering cross-section of
the surface/interface plasmon, which diminishes proportional to q−3 in contrast to
the scattering cross-section of the volume plasmon, which diminishes proportional
to q−2 (cf. Refs. [52,72]).
For the 50 nm sample a small peak remains at the position of the volume plasmon
even at very high scattering angles (q ≥ 0.4 A˚−1), which can be explained by multiple
scattering [71]. If the investigated sample is very thick, two consecutive scattering
events can occur:
1. elastic scattering of the electron with a momentum transfer (E = 0, q 6= 0)
followed by
2. inelastic scattering without a significant momentum transfer (E 6= 0, q ≈ 0)
This process leads to an increased intensity, mainly at energetic positions, where the
loss function of q = 0 exhibits a peak (volume and interface plasmon). The same
effect also was observed at the position of the interface plasmon.
With the help of a three-dimensional representation of the loss intensity versus the
energy-loss and the momentum transfer, the q-dependence of the different losses can
be illustrated. In Figure 4.7, such an intensity map is shown for a ZnO:Al / Ag /
ZnO:Al sample with a 50 nm thick silver film. The map is composed of individual
loss spectra recorded at different momentums. The color and the brightness of each
point represents the intensity at the respective energy and momentum. The brighter
the dot, the higher the intensity.
At 3.8 eV a thin, bright line can be seen, which is slightly bended. This line repre-
sents the volume plasmon of silver. The bending towards higher energies at higher
momentums indicates a positive dispersion of this plasmon. In the following section,
the dispersion will be analyzed more in detail.
The interface plasmon is also seen in the image map at 3 eV, being visible only at
very small momentums and vanishing already above q = 0.12 A˚−1. For the interface
plasmon as well as for the volume plasmon a weak peak remains even at higher
momentums due to multiple scattering.
4.2.2 Dispersion
The position and width of the plasmon peaks was analyzed by fitting them with
Gaussian functions. In Figure 4.8, the position of the volume and interface plas-
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Figure 4.7: Intensity map of the electron loss function in dependence of the momen-
tum transfer of a ZnO:Al / Ag / ZnO:Al layer stack with a silver film thickness of 50
nm. The map is composed of single loss functions measured at different momentums.
All scans are normalized to the intensity at E = 14 eV.
mon is plotted versus the transferred momentum q. The volume plasmon exhibits a
quadratic dispersion, which is typical for a free electron gas [71]. There are no sig-
nificant differences between samples with different silver film thicknesses. However,
there is a very small increase in the plasmon energy with decreasing film thickness.
An increase of the plasmon energy of silver surface plasmons has been reported for
thin silver films and has been attributed to the reduction of the surface to volume
ratio which is related to a reduced screening interaction of s- and d-electrons near
the Ag surface [61]. We assign the small increase of the volume plasmon energy
to a similar effect since in the thinner films, the influence of the interfaces, and
connected to that a different dielectric screening, becomes more relevant for both,
the interface and the volume plasmon. These small changes notwithstanding, our
results indicate that in all investigated silver layers the electronic systems still is
essentially bulk-like.
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Figure 4.8: Dispersion of the silver volume plasmon (full symbols) and the interface
plasmon (open symbols) of the ZnO:Al / Ag interface for different samples of the
system ZnO:Al (20 nm) / Ag (dAg) / ZnO:Al (20 nm). The gray points represent the
volume plasmon of a single silver film which was cut from a silver polycrystal. The
energetic positions are extracted by Gaussian fits of the plasmon peaks.
Compared to previously measured data by Zacharias and Kliewer [55] on a 50 nm
thick polycrystalline silver foil, the dispersion of the ZnO:Al / Ag / ZnO:Al sample
with a 50 nm thick silver film exhibits some differences, especially at higher q values
(cf. Figure 4.9). For q → 0 the energy of the volume plasmon is the same for both
measurements. However, in the whole measured q-range the dispersion obtained by
Zacharias is steeper than the one we measured. Furthermore, the data from [55]
scatter in quite a broad range. As there are no experimental details about the
way the loss functions were obtained in this publication, this discrepancy cannot be
discussed.
In general, the observed dispersion of the interface plasmons is larger than that of the
volume excitations (cf. Figure 4.8). It is also larger than the dispersion of the silver
surface plasmons in the corresponding momentum range [59]. Since in our samples
the silver layer is embedded in between two ZnO films, the dielectric screening of
the interface plasmon not only affects the plasmon energy but also its momentum
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Figure 4.9: Dispersion of the silver volume plasmon of ZnO:Al / Ag (50 nm) /
ZnO:Al multi-layer stack compared to the dispersion measured by Zacharias and
Kliewer on a 50 nm thick silver foil. The data of Zacharias and Kliewer is extracted
from [55].
dependence (in contrast to vacuum ZnO exhibits a momentum dependent dielectric
function). The ability of ZnO to screen the interface plasmon due to polarization
decreases with increasing momentum, a behavior that reflects the finite screening
length in solid materials. As a consequence, the energy of the interface plasmon
increases with higher momentum causing the observed substantial dispersion. Such a
behavior has also been discussed for other interface plasmon excitations at interfaces
to oxides [85]. Surprisingly, the dispersion of the interface plasmon also depends
on the thickness of the silver layers. There is a clear difference between the thin
layers and the 50 nm thick silver film. At this point it remains unclear where the
reduced interface plasmon dispersion in the 50 nm sample results from. We can only
speculate that it is related to a larger interface roughness as discussed below.
The dispersion of the interface plasmon at a ZnO / Ag interface has also been
addressed by photo-excitation of surface plasmon polaritons [86]. However, these
measurements can only provide information at momentum values far below the
momentum range, which is accessible in our studies. Consequently, this work is
complementary to our results, and indeed the value of 2.9 eV given in [86] for
q ≈ 0.01 A˚−1 (~k = 20 eV/c) is in good agreement with our starting value.
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Figure 4.10: Peak width versus momentum transfer for ZnO:Al (20 nm) / Ag (dAg) /
ZnO:Al (20 nm) multi-layer stacks. The open symbols represent the interface plasmon,
the full ones the volume plasmon. The peak width was extracted from the full width
at half maximum value of the Gaussian fits.
4.2.3 Peak width
Figure 4.10 presents the spectral widths of the volume as well as the interface plas-
mon of the investigated samples. The plasmon peak width is directly connected to
the lifetime of the excitation: the broader the peak, the shorter the lifetime. Further-
more, the plasmon lifetime is determined by scattering processes of the conduction
electrons, which significantly depends on defects, surfaces or grain boundaries. The
lifetime τ can be estimated by Heisenberg’s uncertainty equation:
∆Eτ = h (4.5)
where ∆E is the spectral width of the plasmon and h the Planck constant.
The width of the volume plasmon is predominantly determined by the size of the
grains and the probability to scatter at the grain boundaries. For the formation of
an undisturbed volume plasmon, the electron gas requires a spatial area of the size:
λ ≈ 2pi/q (4.6)
The analysis of the grain size by cross sectional TEM and AFM yields that the
size of the grains in the investigated silver films is similar to the film thickness (cf.
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dAg (nm) 8 10 50
∆E (eV) 0.42 0.28 0.13
Volume plasmon
τ (10−15s) 10.0 15 33
∆E (eV) 0.66 0.66 0.71
Interface plasmon
τ (10−15s) 6.3 6.3 5.8
Table 4.2: Peak widths and scattering times calculated by equation 4.5 for different
silver film thicknesses of the ZnO:Al / Ag / ZnO:Al system. The values of the peak
widths are taken at a momentum transfer of q = 0.045 A˚−1.
Section 5.1.2). If λ is in the order of the grain size, confinement effects can occur.
Hence, in thin films the spatial dimension of the plasmon with a small q-value can
exceed the size of the grain4, which leads to an increased scattering probability at
the grain boundary and a shorter plasmon lifetime. This effect is coherent with the
observation of an increased peak width at small q-values for the thinner films (cf.
Figure 4.10).
In contrast to the volume plasmon, the width of the interface plasmon not only re-
flects the grain size but additionally the morphology and roughness of the interfaces.
The reasons for the increased width of interface plasmon with respect to the volume
plasmon can be the roughness at the ZnO:Al / Ag interface or a chemical gradient
at the upper interface due to silver oxide formation [68]. As the peak of the inter-
face plasmon of the 50 nm film exhibits the largest width, it can be concluded that
this interface exhibits the highest roughness. Observations by cross-sectional TEM
yielded that silver grains do not grow in a columnar way, but more in a way where
several grains prevail resulting in a very rough surface [87,88]. The monotonous in-
crease of the width with increasing momentum over the whole measured momentum
range proves that confinement effects due to grain boundaries do not play a decisive
role for films of these thicknesses.
In Table 4.2 the peak widths of the bulk and interface plasmon are shown for the
different films, as well as the calculated plasmon lifetimes. In the following chapter,
these results will be discussed with respect to the results of the transport experi-
ments.
4.3 Conclusions
Elastic and inelastic electron scattering experiments have been carried out on
ZnO:Al / Ag / ZnO:Al multi-layer systems under variation of the silver film thick-
4For example, a plasmon with q = 0.05 A˚−1 requires a spatial area of the diameter λ = 13 nm,
which is larger than the size of a grain in the 8 or 10 nm thick film.
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ness. The elastic measurements reveal a polycrystalline structure for the ZnO:Al
as well as for the silver film. The ZnO:Al film reveals a (0001) texture and for the
silver film a mixture of the (111) and (100) texture was observed.
The electronic structure of the systems was probed by high-energy electrons record-
ing the energy-loss spectrum of the inelastically scattered electrons at different scat-
tering angles. The comparison of the spectra of the multi-layer system to the spec-
trum of a single silver film reveals a shift in the energetic position of the surface
plasmon of silver which now becomes an interface plasmon, but the position of the
volume plasmon does not change. The energy shift is the result of the dielectric
screening of the silver film by the ZnO:Al film. Additionally, the interface plasmon
is much broader than the surface plasmon of pure silver which is the consequence of
considerable electron scattering at the interfaces due to surface roughness or silver-
oxide formation.
The dispersion of the volume plasmon exhibits a quadratic behavior and looks sim-
ilar for all samples including the dispersion of a single silver layer. This behavior
proves that the electronic structure in the bulk silver is not influenced by the neigh-
boring ZnO:Al layer. In contrast, the dispersion of the interface plasmon differs from
observations made for the silver surface plasmon due to the momentum dependent
screening ability of the adjacent ZnO:Al layers.
Chapter 5
Transport measurements
In this chapter the results of the electrical transport study are presented, which
constitutes the main part of this thesis. Resistivity measurements were performed
in dependence of the thickness and temperature of the film on different multi-layer
systems. The measurement method as well as the effort made to obtain reliable and
reproducible results were already explained in Chapter 3.
An important aspect of the transport study is the data evaluation by the application
of the size effect models, which were presented in Chapter 2. For this purpose, the
full Mayadas-Shatzkes model, including grain boundary scattering as well as the
theory of Fuchs and Sondheimer of scattering at interfaces, is utilized. Hence, the
results of the fit always consist of a pair of scattering parameters p – for interface
scattering, and R – for grain boundary scattering (note that a small R value corre-
sponds to small amounts of grain boundary scattering, whereas a small value of p
implies and increased influence of interface scattering).
In the following, the general approach for the determination of the scattering pa-
rameters is outlined. At first, several system variables required by the model, i.e.,
grain size and bulk resistivity, have to be determined. Here, the results of the TEM
and AFM analyses are taken into account. Subsequently, the model is applied to
the thickness-dependent room temperature resistivity data, preliminary examining
the limiting cases of completely specular scattering at the interface (p = 1) and
completely diffuse scattering at the interfaces (p = 0). In doing so, information
about the variation range of the grain boundary reflection coefficient is obtained.
Ultimately, the best fitting pair of scattering parameters is calculated by modeling
the data varying p and R simultaneously.
In order to obtain more reliable results for each sample, the temperature dependence
of resistivity is modeled. Using the same approach as for the modeling of the room
temperature data, the limiting cases of p = 0 and p = 1 are examined and the best
fit scenario is modeled. Furthermore, the scenarios of smaller or larger grains and
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different values for the bulk resistivity are discussed.
In the end, an overall fit, including the temperature dependent resistivity data of
all silver film thicknesses, is performed. The result is a consistent pair of scattering
parameters describing the entire investigated system.
5.1 ZnO:Al / Ag / ZnO:Al
The primary object of investigation is a basic layer stack, consisting of a single silver
layer sandwiched between two ZnO:Al layers. The advantage of this system is that it
can be described physically in a more fundamental way. Compared to an industrial
stack, several layers are omitted, which causes some problems: for example, the
stack cannot be annealed at high temperatures of about 600◦C (this would lead to
a delamination of the layer stack from the substrate) and the silver film is oxidized
more easily.
5.1.1 Determination of silver film thickness
In order to calculate the resistivity from the measured sheet resistance by equation
3.16, the film thickness has to be taken into account. During layer deposition the
thickness of each layer is controlled by the traveling speed of the substrate through
the deposition area. To measure these thicknesses, in particular the thickness of the
silver film, two methods were chosen – cross-sectional TEM and secondary ion mass
spectroscopy (SIMS).
Secondary ion mass spectrometry (SIMS)
In this technique, the thickness of single films or several layers of a stack can be
determined by bombarding the sample with primary ions (e.g. O+2 , Ar
+) with an
energy of 0.2 - 25 keV, whereby neutral atoms and ions of the target material are
sputtered off. An in-situ analysis of these secondary ions by a mass spectrometer
allows us to determine the point in time when a definite element is being sputtered
off. By taking into account the density of the eroded material (it is assumed that
the density of the film is equal to the density of the bulk material) and the tool
parameters, these moments can be allocated to the penetration depth of the primary
ion beam, i.e., the thickness of each layer can be calculated. The advantage of this
method compared to TEM is that a relative large area is probed (the hole that is
eroded by the ion beam has a diameter in the order of several µm).
At Saint-Gobain Recherche, three samples of the layer structure ZnO:Al / Ag /
ZnO:Al with different silver film thicknesses (dAg = {10, 50, 200} nm) were analyzed.
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preset thickness dAg (nm) 10 50 200
measured thickness (nm) 10.4 50.0 220
Table 5.1: Result of the SIMS analysis on samples of the layer stack ZnO:Al / Ag /
ZnO:Al.
The results are shown in Table 5.1. For the 10 nm film, the measured thickness of
the upper and lower ZnO:Al film is 18 and 17 nm, respectively (the preset film
thickness is 20 nm for both films).
The result of the analysis reveals that the silver film is thicker than assumed. The
deviation from the preset thickness varies in the range of 0 to 10 %.
Transmission electron microscopy (TEM)
Cross-sectional TEM measurements were performed on several ZnO:Al / Ag /
ZnO:Al stacks to gain an understanding of their microstructure. The thickness
of the silver film was measured by the distance of two parallel lines using a standard
Figure 5.1: Cross-sectional TEM images of different samples of the ZnO:Al / Ag /
ZnO:Al samples series: (a) dAg = 4 nm; (b) dAg = 12 nm; (c) dAg = 20 nm; (d)
dAg = 50 nm; (e) dAg = 200 nm.
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dAg (nm) 4 12 20 50 200
measured 6.9, 7.9 14, 15 25, 25, 26, 23 58, 59, 58 245, 232
thickness (nm) 6.5 15, 15 25, 25, 27, 24 57, 57, 57 215, 218
average (nm) 7.1 15 25 58 227
deviation (%) 77 23 24 15 14
Table 5.2: Silver film thicknesses of various samples extracted from cross-sectional
TEM micrographs (cf. Figure 5.1).
image analyzing software1. In Figure 5.1, the cross-sections of different samples
are shown along with the lines indicating the boundaries of the silver film. For the
thinnest sample (cf. Figure 5.1a) the boundaries of the silver film are very ambiguous
and therefore the obtained value is error prone.
The average film thickness is determined by taking into account all available TEM
images. The measured distances and the averages are summarized in Table 5.2.
For all films a significantly higher thickness was measured than the preset thickness.
The effect is more pronounced for the thin films (dAg ≤ 20 nm) than for the thick
films. The deviation averaged over all measurements is about 20 % (the value for
the 4 nm film was neglected). The overestimation of the measured values may be
due to the wetting effect of silver on the edges of the ZnO:Al layers (after cutting
the TEM lamella).
To conclude, the film thickness analysis by different methods reveals that all mea-
sured samples exhibit a higher silver film thicknesses than the preset
thickness, estimated by the velocity with which the samples are trans-
ferred through the deposition area. The deviations are between 0 and 24 %,
increasing with decreasing film thickness.
In agreement with these results, a film thickness 20 % thicker than the preset thick-
ness is used for the calculation of the resistivity (according to equation 3.16).
5.1.2 Resistivity measurements at room temperature
The sheet resistance and the resistivity was measured at a constant temperature of
T = 295 K in van der Pauw geometry with bond contacts directly on the sample
surface (best contact conditions according to the reproducibility study, cf. Section
3.4). As shown in the inset of Figure 5.2, the sheet resistance increases steadily with
decreasing film thickness over more than two orders of magnitude. This behavior
was expected, since a change in the size of the system (in this case the silver film
1Leica IM50
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Figure 5.2: Resistivity versus silver film thickness of the layer stack ZnO:Al / Ag /
ZnO:Al for two equivalent samples series. The samples were coated in one deposi-
tion process and measured using van der Pauw’s method. Inset: Sheet resistance
versus silver film thickness for the same samples. The sheet resistance is displayed in
logarithmic scale.
thickness) yields a change in the resistance, even if the resistivity is assumed to be
constant.
The resistivity shown in Figure 5.2 exhibits a similar behavior as the sheet resistance:
it increases with decreasing film thickness, although not as drastically. All measured
values are significantly higher than the room temperature resistivity of a pure silver
crystal2 (dashed line in Figure 5.2). Even the thickest silver film of 200 nm exhibits
a resistivity value about 43 % higher than the bulk resistivity. For bulk systems
the resistivity is a material constant that takes, regardless of the size of the system,
always the same value. For thin films however, the thickness dependence of this
quantity is an evidence for the presence of size effects such as surface scattering or
grain boundary scattering (cf. Chapter 2).
Both measured series exhibit no significant differences, except for the samples with
the thinnest silver film. The thinner the film, the more sensitive is the resistivity
to small changes in the microstructure and morphology. Therefore, the resistivity
values of samples with very thin silver film thicknesses exhibit a certain degree of
variance.
2ρbulkAg = 1.61 µΩcm, from [49]
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Figure 5.3: Dark-field TEM images of samples of the layer stack ZnO:Al / Ag /
ZnO:Al with a silver film thickness of (a) dAg = 20 nm, (b) dAg = 50 nm, and (c)
dAg = 200 nm. The lateral extension of the grain is measured by two parallel lines,
which are perpendicular to the layers.
For a successful application of the Fuchs-Sondheimer model and the Mayadas-
Shatzkes model, the input of several constants such as the grain size, the bulk
mean free path l0 (i.e. the mean free path of the electrons inside the grains), and
the bulk resistivity ρ0 is necessary. The grain size was determined by TEM and
AFM. As the bulk mean free path can be calculated from the bulk resistivity by
equation 2.4, it is sufficient only to determine this quantity.
Determination of grain size
Dark-field TEM permits the imaging and measurement of individual grains. In
Figure 5.3, dark-field TEM images of three different samples are shown. Bright
areas define domains of one crystallographic orientation, i.e., several grains. The
lateral extension of these areas corresponds to the distance between two parallel
lines perpendicular to the layers. The results of the analysis are shown in Table 5.3.
The grain size analysis of dark-field TEM images reveals that for the thin film (12
nm), the grains are larger than the film thickness. Conversely, the grains seem to be
dAg (nm) 12 20 50 200
grain 20, 17, 11 21, 25 42, 69 137, 69
diameter 35, 21, 20 24, 16 40, 47 74, 62
(nm) 37, 29 27 31 91, 82
average (nm) 24 22 46 86
Table 5.3: Estimation of the average lateral size of the silver grains from dark-field
TEM images (cf. Figure 5.3). None of the listed samples have been annealed.
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Figure 5.4: Microstructure analysis of selected TEM images for the automated deter-
mination of the effective grain size. On the left the micrographs with the highlighted
grains are shown, on the right the mesh of grain-boundaries of the same region is
shown. (a) dAg = 12 nm; (b) dAg = 20 nm; (c) dAg = 50 nm; (d) dAg = 200 nm (None
of the samples have been annealed.)
smaller than the film thickness in the thick film (200 nm). In between (20 and 50
nm), the size of the grains is approximately the same as the film thickness. However,
in the case of thick films, the grains which appear on the cross-sections rarely show
their maximum diameter due to the fact that the probability of cutting a grain right
in the middle is very small.
Another possibility to measure the grain size is to draw the mesh of grain boundaries
on the TEM micrographs (cf. Figure 5.4). This mesh is analyzed using an automated
routine counting the number of grain boundaries an electron has to pass traveling
from one side of the micrograph to the other. The extracted value is considered to
represent an effective grain size rather than the real grain diameter. In the Mayadas-
Shatzkes model it reflects the average distance of the coplanar boundary potentials.
The results of the analysis are shown in Table 5.4.
Compared to the previously explained grain size analysis, in which the diameter
of individual grains is measured, these results reveal a smaller average grain size.
This observation is attributed to the fact that all the visible grains in the image
are analyzed, including grains which were not cut in the middle and therefore ex-
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dAg (nm) 12 20 50 200
number of grain boundaries
per 100 nm
12 5.9 5.2 2.0
lateral grain size (nm) 8.4 17 19 49
Table 5.4: Lateral size of the silver grains calculated by counting the effective number
of grain boundaries in the film (cf. 5.4).
hibit a smaller diameter. Hence, by this kind of analysis, the average grain size is
underestimated.
To attain a more comprehensive and differentiated picture of the silver grains,
atomic force microscopy (AFM) was performed on two samples of the ZnO:Al /
Ag / ZnO:Al structure with different film thicknesses (dAg = {10, 100} nm). In
Figure 5.5 and 5.6, images of an area of 5 µm × 5 µm and 1 µm × 1 µm are shown
for both samples, respectively. The 100 nm thick film exhibits several larger grains,
with a lateral size up 200 nm, next to smaller ones. For this sample, all grains in
the 1 µm × 1 µm image were counted: there are 19 grains of a diameter larger than
Figure 5.5: AFM micrographs of a 10 nm thick silver film (left) and a 100 nm
thick silver film (right) of a larger surface area (size: approx. 5 µm × 5 µm). Below,
cross-sections indicated by a black line in the micrographs are shown.
5.1 ZnO:Al / Ag / ZnO:Al 73
Figure 5.6: AFM micrographs of a 10 nm thick silver film (left) and a 100 nm thick
silver film (right) of a smaller surface area (size: 1 µm × 1 µm). Below, cross-sections
indicated by a black line in the micrographs are shown.
100 nm and 71 with a smaller diameter. Assuming the grains are spherical objects,
the average grain diameter equals D = 60 nm.
In the line cross-sections of Figure 5.6 and 5.5, grains of the 100 nm film appear
less high and less detached than the grains of the 10 nm film, in which the height is
even larger than the film thickness. By an automated image analysis, values for the
average roughness Ra and the root mean squared roughness RRMS could be obtained:
for the 10 nm thick film Ra = 8.78 nm and RRMS = 11.3 nm for the 100 nm thick
film Ra = 4.84 nm and RRMS = 6.20 nm. There are two possible explanations for
the increased roughness of the 10 nm film with respect to the 100 nm film: either
the grains grow very selectively and island-like, or – what seems more likely – some
of the silver grains in the 10 nm sample are ripped off during the removal of the
ZnO:Al layer. Therefore, an estimation of the average grain diameter by counting
all grains of a distinctive area, as it was done for the 100 nm thick film, may yield
incorrect results.
All results of the grain size determination are summarized in Table 5.5. Both mi-
croscopic methods reveal a unique picture of the grain size: for thin films (d ≤ 50
nm), the grain size equals the film thickness; for thicker films (d > 50 nm), the grain
growth becomes slower but is still proportional to the film thickness. Due to the
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dAg (nm) 12 20 50 100 200
TEM (dark field) (nm) 24 22 46 86
TEM (automated analysis) (nm) 8.4 17 19 49
AFM (nm) 60
Table 5.5: Result of the grain size analysis by TEM and AFM.
fact that only a few samples could be analyzed, a statistical model for the grain size
could not be established.
In the literature the grain size of silver films is discussed extensively. For instance, in
[87], silver films of comparable thicknesses were deposited on amorphized Si surfaces
and investigated by in situ scanning tunneling microscopy. Here, a grain growth
proportional to the film thickness was observed (cf. Figure 5.7a). In [89], silver
films of various thickness were directly sputtered on glass and investigated by AFM.
This study also shows a linear growth of the grains with increasing film thickness,
whereas the grain size is only about 10 % of the film thickness (cf. Figure 5.7b).
In [88], similar layer stacks of the structure ZnO:Al / Ag / ZnO:Al were examined.
The grains size analysis by cross-sectional TEM and AFM reveals that silver grains
grow linearly with the film thickness, but in this case the size of the grains equals
the film thickness.
These results are in good agreement with our own observations, hence, the basic
model of the grain size being equal to the film thickness is mainly used for
the application of the Mayadas-Shatzkes model. Additionally, other models for the
grain size were tested and compared to this basic model.
 
(a) (b) 
Figure 5.7: (a) Island density ni (full squares) and maximal grain size (full circles) as
a function of film thickness d of silver films deposited on Si. Maximal grain size is the
average of the five largest grains out of an ensemble of about 200 grains. From [87].
(b) Grain size of thin Ag films deposited on microscope glass as a function of the film
thickness D. Squares represent data from the XRD and diamonds data from the AFM
measurements. The dashed line is a guide to the eye. From [89].
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Figure 5.8: Resistivity times film thickness versus silver film thickness of the layer
stack ZnO:Al / Ag / ZnO:Al. In this representation the bulk resistivity ρ0 can be
obtained from the slope of the linear fit.
Determination of ρ0
For thick films (d  l0), Matthiessen’s rule (equation 2.19) can also be applied to
the size effect models (cf. Section 2.4.2). Multiplying formula 2.19 with d and taking
into account the simplifications of the Fuchs-Sondheimer and the Mayadas-Shatzkes
model for thick films (equations 2.20 and 2.20) yields the expression:
ρd = ρ0d+
8
3
ρ0(1− p) l0
d
d+
3
2
ρ0
R
1−R
l0
D
d (5.1)
As shown above, the approximation D = d can be used for silver films. Hence,
the equation can be merged into one thickness-dependent term and two thickness-
independent terms CSS and CGB:
ρd = ρ0d+ CSS + CGB (5.2)
Now, the bulk resistivity ρ0 (i.e., the resistivity inside the grains) can be extracted
from the slope of the linear fit of the representation of ρd versus d. However, the
conditions of the simplified model (d l0) limit the application of the linear fit to
values of the thicker films (dAg ≥ 50 nm > l0).
Figure 5.8 shows the determination of the bulk resistivity of the ZnO:Al / Ag /
ZnO:Al system according to the procedure described above. The slope of the linear
76 Chapter 5: Transport measurements
0 5 0 1 0 0 1 5 0 2 0 0 2 5 00
2
4
6
8
1 0
1 2
Z n O : A l  ( 2 0  n m )  /  A g  ( d A g )  /  Z n O : A l  ( 2 0  n m )
T  =  2 9 5  K  m e a s u r e d  d a t a
a p p l i c a t i o n  o f  m o d e l : p  =  0 ,  R  =  0 p  =  0 ,  R  =  0 . 1 8 p  =  1 ,  R  =  0 . 3 5  
 
 (µ
Ω
cm)
d A g  ( n m )
 A gb u l k =  1 . 6 1  µΩ c m
Figure 5.9: Resistivity versus silver film thickness of the layer stack ZnO:Al / Ag /
ZnO:Al. The result of fitting the data with the size effect models is shown in different
scenarios (explained in the text). The parameter that was varied during the fitting
procedure is underlined.
fit in the range of the thick films reveal a room temperature value for the bulk
resistivity of ρ0 = 2.11 µΩcm. The resulting mean free path is l0 = 29.3 nm.
However, in particular for thick films, the TEM analysis yielded a smaller grain
size than the film thickness. Consequently, the obtained value of ρ0 represents an
upper limit for the bulk resistivity. Furthermore, it is assumed that the defect and
impurity density is independent of the silver film thickness, i.e., the same value of ρ0
is taken for all samples of one series. In order to examine the influence of the bulk
resistivity on the fitting parameters, the models will also be discussed for different
values of ρ0.
Application of models
In the following, the measured data will be modeled using the full Mayadas-Shatzkes
model (equation 2.17). The application of the models is shown in Figure 5.9 for three
different scenarios (this color-code will also be used in following figures):
green: only interface scattering (p variable, R = 0)
blue: only grain boundary scattering (p = 1, R variable)
red: combination of both scattering mechanisms (p,R variable)
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The first scenario, which assumes only interface scattering to be present, does not fit
the data well. Even for the extreme case of p = 0, in which all electrons are scattered
diffusely at the interfaces, the resistivity expected by the model are much lower
than the measured resistivity. Hence, the system cannot accurately be described by
scattering solely at interfaces. The mechanism of grain boundary scattering also has
to be taken into account.
In the second scenario, diffuse scattering at the interfaces is completely suppressed
(p = 1), implying the entire size effect being attributed to grain boundary scattering.
Here, a grain boundary reflection coefficient of R = 0.35 was obtained for the best
fit, which means that 35 % of the electrons are reflected at the grain boundary. In
contrast to the first limiting case considering only interface scattering, this scenario
fits the measured data very well.
In the third scenario, both grain boundary scattering and interface scattering are
taken into account. Assuming diffuse scattering at the interfaces (p = 0) the mea-
sured data is fit by varying the grain boundary reflection coefficient R. For R = 0.18,
there is a good agreement between the model and the measured data.
At this point it is not possible to decide if the “red” scenario, the “blue” scenario, or
any intermediate pair of scattering parameters is correct. Even though completely
different situations are described (red: diffuse scattering at interfaces, blue: specular
scattering), both scenarios fit the data very well. The main reason can be found in
the same thickness dependence of interface scattering and grain boundary scattering,
if spherical grains are present (D ∝ d→ ρGB ∝ 1/d, cf. Section 2.4.2).
5.1.3 Temperature-dependent resistivity measurements
To obtain quantitatively reliable information about the scattering parameters p and
R, the resistivity was measured and modeled in dependence of the temperature. This
strategy was already proposed by Sambles [46] and van Attekum et al. [5]. They
claimed that the temperature-dependent contribution of the resistivity depends on
the present thin film scattering mechanisms, such as surface scattering and grain
boundary scattering. Hence, a distinction between these scattering mechanisms is
possible (cf. Section 2.4.3).
The temperature dependence of the resistivity was measured for all samples in the
temperature range of 4.5 K to 295 K in van der Pauw geometry according to the
procedure described in Section 3.5.2. On the left hand side of Figure 5.10, the to-
tal film resistivity is shown for all thicknesses. Upon first inspection, all resistivity
curves are parallel and differ only in the value of their residual resistivity. However,
the phononic contribution of the resistivity shown on the right hand side of Figure
5.10, yields significant differences between individual samples and also differs from
the resistivity of bulk silver. For all films, the phononic contribution is slightly
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Figure 5.10: Left: resistivity versus temperature of samples of the layer stack
ZnO:Al / Ag / ZnO:Al with different silver film thicknesses. Right: temperature-
dependent contribution of the resistivity ρph = ρ − ρres versus temperature for the
same samples (same color code as left). The data of pure bulk silver (dashed black
line) is taken from [49].
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Figure 5.11: Normalized temperature-dependent contribution of the resistivity
ρph/ρph(295 K) versus temperature of several samples of the layer stack ZnO:Al /
Ag / ZnO:Al. The data of pure bulk silver (dashed black line) is taken from [49].
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higher than that of bulk silver, exhibiting the strongest deviation for the thickest
film. Furthermore, the resistivity curves of the films exhibit a slightly concave shape
over the entire measured temperature range. The concavity is more pronounced for
thinner films than for the thicker films, as evident from the normalized temperature-
dependent contribution of the resistivity (cf. Figure 5.11). This behavior is com-
parable to the effect of interface scattering on the temperature dependence of the
resistivity, described by the Fuchs-Sondheimer model (cf. Figure 2.8b). However,
the deviations from bulk behavior are not very strong, which already suggests that
interface scattering is not very pronounced.
Application of models
The application of the full Mayadas-Shatzkes model (including the Fuchs-
Sondheimer model) is presented in Figure 5.12 for the two scenarios of only grain
boundary scattering (blue) and grain boundary scattering + diffuse interface scatter-
ing (red). Additionally to the slope and shape of the curve, the model also takes the
residual resistivity value into account. From the analysis of the room temperature
resistivity we already know that the scenario considering only interface scattering,
is not able to describe the measured data, even for the worst case of p = 0. This
result is supported by the temperature-dependent resistivity measurements. None
of the films could be well fit by the Fuchs-Sondheimer model.
For all film thicknesses, the best fit scenario (i.e., p and R are varied simultaneously)
equals the “blue” scenario, where only grain boundary scattering is assumed. The
“red” scenario or even a scenario with an intermediate pair of scattering parameters
does not fit the data comparably well, because the resulting phononic contribution
is too large. Consequently, the fitting curves are too steep and not congruent with
the measured data.
However, a significant difference between the fitting scenarios can only be seen for
the thinner films (dAg ≤ 20 nm). For the thick films, the size effects have less
influence and the difference between the limit scenarios of the model (red and blue
curves) is marginal. Hence, the results of the best fit scenario are more reliable for
the thinner films. In particular for the 200 nm sample, the latitude of the model
does not allow a congruent fit of the data (cf. Figure 5.12c).
The scattering parameter of the best fit scenario are summarized in Table 5.6 for all
thicknesses. The results reveal a specularity parameter p equal to 1 for almost all the
samples, which means that diffuse scattering at the interfaces does not occur. The
value of the grain boundary scattering parameter R varies in the range of 0.32 to
0.43 exhibiting no unique dependence on the film thickness. Compared to literature
data, the interface specularity parameter is relatively high: values in the range of 0
to 0.7 were obtained for single silver films deposited on different kinds of substrates
(glass, mica, etc.) [90–92]. However, these values are the result of the application of
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dAg (nm) 4 6 8 10 12 15 20 50 100 200 Ø
ρ0 = 2.11 µΩcm, D = d
p 1 1 1 1 1 1 1 0.93 0.99 1 0.99
R 0.33 0.39 0.36 0.39 0.32 0.35 0.38 0.40 0.43 0.34 0.37
ρ0 = 1.62 µΩcm, D = d
p 1 1 1 1 1 1 1 0.79 0.84 0.85 0.95
R 0.34 0.41 0.38 0.42 0.36 0.39 0.43 0.50 0.59 0.65 0.45
ρ0 = 2.11 µΩcm, D = d/2
p 1 1 1 1 1 1 1 0.93 0.99 1 0.99
R 0.19 0.24 0.22 0.24 0.19 0.21 0.23 0.25 0.28 0.21 0.23
Table 5.6: Scattering parameters obtained from the application of the full Mayadas-
Shatzkes model to the ZnO:Al / Ag / ZnO:Al samples. For the modeling, different
scenarios regarding the grain size and the bulk resistivity were evaluated.
the Fuchs-Sondheimer model without taking grain boundary scattering into account.
The average value of the grain boundary reflection coefficient is similar to literature
values obtained for single silver films ( [48]: R = 0.38, [93]: R = 0.32).
Unfortunately no publications for the layer stack ZnO:Al / Ag / ZnO:Al discussing
any of these scattering mechanisms are available. Furthermore, the comparability to
other systems is questionable, because the scattering parameters strongly depend on
the substrate, the method of layer deposition (sputtering, evaporation, etc.), and on
the environment of the film, which is modified by neighboring layers, for instance.
The second section of Table 5.6 shows the fitting results for a different value of the
bulk resistivity. It has been changed to ρ0 = 1.62µΩcm, a value which is close to the
room temperature resistivity of a pure, defect-free silver crystal3. Upon changing
this quantity, the interface scattering parameter does not change significantly, due
to the fact that it depends only on the shape of the curve and on the amount of the
temperature-dependent contribution. Hence, the fraction of the total film resistivity,
which was formerly due to defect and impurity scattering, is now governed by grain
boundary scattering. For the thin films, this effect is reflected in a slightly larger
grain boundary reflection coefficient. However, for the thick films, this coefficient
increases drastically, because in this range the impact of the size effects is less
pronounced. The thickest film even exhibits a grain boundary reflection coefficient
of R = 0.60, which is very high with respect to values from literature. Conclusively,
the value ρ0 = 1.62 µΩcm is too small to describe the entire system.
Another scenario examines the effect of smaller grains in the film. TEM inves-
tigations revealed that, for thick films, the average grain size is smaller than the
3Assuming the value ρpure silver0 = 1.61µΩcm for the bulk resistivity causes problems during the
modeling procedure.
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Figure 5.13: Resistivity versus temperature of model curves for the fitting param-
eters p = 1 and R = 0.35. The bulk resistivity is ρ0 = 2.11 µΩcm and the grain size
D = d. The measured data of the ZnO:Al / Ag / ZnO:Al layer stack is shown along
(circles). The data of pure bulk silver (dashed line) is taken from [49].
film thickness. In Table 5.6 the effect of grains which are half as large as the film
thickness (D = d/2) is shown. Like in the scenario discussed in the previous para-
graph, only the grain boundary reflection coefficient is effected. According to the
model 2.17, the grain boundary reflection coefficient and the grain size cannot be
varied independently: if one parameter is changed, the other one changes instantly,
too. Hence, a reduction of grain size is always attended by an increase of the grain
boundary reflection coefficient. Upon dividing the grain size in halves, the reflection
coefficient reduces about 37 % in average to a value of R = 0.23.
In order to obtain one single pair of scattering parameters for the entire ZnO:Al /
Ag / ZnO:Al system, a fitting procedure was carried out taking the resistivity curves
of all silver film thicknesses into account. For a bulk resistivity of ρ0 = 2.11 µΩcm
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and an average grain size equal to the silver film thickness, this fit reveals an interface
scattering parameter of p = 1 (no diffuse interface scattering) and a grain boundary
reflection coefficient of R = 0.35. In Figure 5.13, this scenario is shown for all film
thicknesses in the range of 4 to 200 nm. For comparison, the measured data is also
displayed. Good agreement between model and measured data is found for the 8,
15, and 200 nm sample. All the other samples exhibit a parallel offset of different
values and signs to the fitting curves. The discrepancy between model and measured
data can have the following reasons:
• inaccuracy in the silver film thickness
• the samples are produced successively, consequently, the properties of the layer
stack vary due to non-uniform deposition conditions
• the simple model for the grain size (D = d) does not reflect the real situation
of all samples
• various quality of the grain boundaries due to different deposition conditions,
hence, the parameter R = 0.35 does not fit for all samples
Due to the fact, that the impact of all these factors on the resistivity increases with
decreasing film thickness, larger deviations between model and measured data are
observed for thinner films (4 and 6 nm).
Conclusions
The transport study on the ZnO:Al / Ag / ZnO:Al sample series reveals important
results on prevailing scattering mechanisms and their origins. Due to zero- and
one-dimensional defects and impurities in the silver, i.e., inside the silver grains,
the bulk resistivity is higher than that of pure silver. By applying the thickness-
dependent Fuchs-Sondheimer model to room temperature resistivity measurements
we could show that the data cannot be modeled by taking only interface scattering
into account: grain boundary scattering has – at least – to be consid-
ered. The application of the temperature-dependent Mayadas-Shatzkes model to
the temperature-dependent resistivity curves even demonstrates that interface scat-
tering does not play a role. Consequently, grain boundary scattering is the most
relevant scattering mechanism in the silver films and completely accounts for the
observed size effect.
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Figure 5.14: Van der Pauw resistance versus temperature of a sample of the layer
stack ZnO:Al (20 nm) / Ag (10 nm) / ZnO:Al (20 nm). The van der Pauw resistance
was only measured in one configuration (e.g. RAB,CD, cf. equation 3.12). The dashed
lines indicate the annealing temperatures of the two successive annealing cycles. The
dwelling time is specified on top of the cycles, respectively.
5.1.4 Effect of annealing
A thermal treatment of the layer stack leads to a higher durability due to the less
internal stress and an improvement of its performance due to the reduction of the
resistivity of the silver film. This change in the transport properties has several
reasons: e.g. baking out of defects, or coagulation of grains. However, thermal
treatment can also have a negative influence on the layer stack. At higher tem-
peratures, the silver can be oxidized more easily by oxygen from the neighboring
ZnO:Al layer or, in very thin films, the grain coagulation can lead to a formation of a
discontinuous film consisting of separated islands, which would yield an exponential
increase of the resistivity. Furthermore, internal stress inside the stack can cause a
delamination of the layers.
In Figure 5.14, annealing cycles combined with in-situ resistance measurements are
shown. The experiment is carried out in a special tube furnace, which has a cable
lead-through for four platinum wires4. These platinum wires are connected on one
end to the sample (van der Pauw geometry, cf. Figure 3.9c) and on the other end to
4melting point of platinum: TPtm ≈ 1700◦C
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Figure 5.15: Room temperature resistivity versus silver film thickness of samples of
the layer stack ZnO:Al / Ag / ZnO:Al before and after annealing.
a current source5 and a multimeter6. The temperature was measured and controlled
by a commercial Eurotherm temperature controller. Inside the tube furnace was
argon atmosphere in order to avoid oxidation of the layer stack.
The annealing was performed in two cycles: first, dwelling at 200◦C for half an
hour, and second, after the sample was cooled down to room temperature, again
at 250◦C for one hour. In the beginning of the annealing cycle, up to 100◦C, the
resistance increases linearly with the temperature. This increase can be allocated
to the increased electron-phonon scattering due to a larger number of phonons in
the system. The change in resistivity is reversible, because in this region the mi-
crostructure of the film does not change. Above 100◦C, a deviation from the linear
increase is observed, which indicates the onset of irreversible effects like the baking
out of defects, or the coagulation of grains. At 200◦C the resistivity decreases even if
the temperature is kept constant. The successive cooling down curve again exhibits
a linear behavior, which is a clear indication for the irreversibility of the changes in
the microstructure.
In the second annealing cycle, where the thermal treatment was carried out at 250◦C,
again a remarkable decrease in the resistance was observed. Here, the irreversible
changes in the microstructure proceed right above 200◦C. However, the resistance
5Keithley 238 High Current Source Measure Unit
6Solartron Schlumberger 7061 Systems Voltmeter
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Figure 5.16: Left: resistivity versus temperature of samples of the layer stack
ZnO:Al / Ag / ZnO:Al. The samples were annealed at 250◦C for one hour. Right:
temperature-dependent contribution of the resistivity ρph = ρ − ρres versus tempe-
rature for the same samples (same color code as left). The data of pure bulk silver
(dashed black line) is taken from [49].
change is not as pronounced as in the first cycle, because most of the changes in
microstructure already occurred at 200◦C.
After these test measurements, the resistivity was only determined before and after
annealing. Figure 5.15 shows the room temperature resistivity versus the silver
film thickness for the annealed and unannealed ZnO:Al / Ag / ZnO:Al samples. All
samples were annealed at the same time in a box-type furnace7 in argon atmosphere.
The annealing was again performed in two cycles, first at 200◦C for half an hour
and second at 250◦C for one hour. The heating and cooling rate was set to 10
K/min (maximum rate of the device), but due to the heat insulation of the furnace,
the cooling to room temperature took about half a day. The differences between
the resistivity measured after the first annealing cycle and that measured after the
second annealing cycle are very small, therefore only the latter is shown in the figure.
As expected from preliminary investigations, the resistivity decreases during anneal-
ing for all film thicknesses. The absolute value of the resistivity change ranges from
0.70 µΩcm for the 4 nm sample to 0.35 µΩcm for the 200 nm sample. Compared to
bulk silver, the resistivity of all samples is still higher, but the thickest film exhibits
a deviation of only about 20 %.
7Linn High Therm VMK 80 with a Eurotherm temperature controller
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Figure 5.17: Phononic contribution of the resistivity versus temperature of annealed
samples of the layer stack ZnO:Al / Ag / ZnO:Al with a silver film thickness of (a)
4 nm, (b) 12 nm, and (c) 200 nm. For comparison, the resistivity curves of the
unannealed samples are shown along.
By fitting the linearized representation of the resistivity data, the value for the re-
sistivity inside the grains was determined. The bulk resistivity significantly decrease
from 2.10µΩcm for the unannealed samples to 1.69µΩcm for the annealed samples.
As mentioned before, the cause of this change is the reduction of the number of
defects and impurities inside the grains. Due to the higher mobility of the lattice
ions at higher temperatures, imperfections in the crystal lattice are removed by
rearranging the ions.
In Figure 5.16, the resistivity of the annealed samples is shown versus temperature.
On the left-hand side, the total resistivity is shown, on the right-hand side, only the
temperature-dependent contribution ρph. The resistivity curves look very similar to
those of the unannealed samples, despite of a constant offset due to the lower ρ0
value. The temperature-dependent contribution of the resistivity of the films again
is higher than that of bulk silver.
Figure 5.17 shows a comparison between the phononic contribution of the annealed
samples and that of the unannealed samples. The strongest difference was observed
for the 4 nm film, obtaining a 12 % higher value for the annealed sample at room
temperature. For the 200 nm film, this contribution is essentially the same for the
annealed and the unannealed sample.
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Figure 5.18: Dark-field TEM images of annealed samples of the layer stack ZnO:Al /
Ag / ZnO:Al with a silver film thickness of (a) dAg = 12 nm, (b) and (c) dAg = 20
nm.
Grain size of the annealed samples
In order to investigate the effect of annealing on the grain size, the microstructure of
several samples was investigated after annealing by cross-sectional TEM. In Figure
5.18, images of dark-field TEM on two ZnO:Al / Ag / ZnO:Al samples are shown.
The grain size was determined in a similar manner as explained above. In Table 5.7,
the measured values and the respective averages are summarized.
The results do not reveal a significant enlargement of the grains. For the 12 nm
sample, the average grain size of the annealed samples is even smaller than that of
the unannealed sample. For the 20 nm sample, a small increase could be observed
after annealing. However, from the microscopic point of view, there is no sign
for a considerable coagulation of grains or a change in the average grain size during
annealing at 250◦C. In order to observe grain coagulation, the films would have to be
annealed at higher temperatures (about 600◦C), which would lead to a delamination
of the whole layer stack from the substrate, caused by interfacial stress during the
heating. In order to meet the requirements for a thermal treatment at 600◦C, several
additional layers improving the adhesion between layers and reducing the internal
stress have to be added.
dAg (nm) 12 20
grain dia- 16 31, 28, 29, 34, 33
meter (nm) 19 28, 32, 28, 16, 21
average (nm) 18 28
Table 5.7: Estimation of the average silver grain size from dark-field TEM images
(cf. Figure 5.18). All listed sample have been annealed for one hour at 250◦C.
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dAg (nm) 4 6 8 10 12 15 50 100 200 Ø
unannealed samples: ρ0 = 2.11 µΩcm, D = d
p 1 1 1 1 1 1 0.93 0.99 1 0.99
R 0.33 0.39 0.36 0.39 0.32 0.35 0.40 0.43 0.34 0.37
ρ0 = 1.69 µΩcm, D = d
p 0.34 0 0 0.04 0.55 0 0.82 0.77 1 0.39
R 0.22 0.21 0.17 0.21 0.25 0.16 0.36 0.29 0.33 0.24
ρ0 = 1.62 µΩcm, D = d
p 0.35 0 0.02 0.06 0.60 0 0.78 0.47 0.95 0.26
R 0.23 0.21 0.17 0.23 0.26 0.17 0.38 0.30 0.42 0.36
ρ0 = 1.69 µΩcm, D = d/2
p 0.34 0 0.01 0.05 0.56 0 0.82 0.77 1 0.39
R 0.12 0.11 0.09 0.12 0.14 0.09 0.22 0.17 0.21 0.14
ρ0 = 1.69 µΩcm, D = 2d
p 0.34 0 0.01 0.05 0.56 0 0.82 0.77 1 0.32
R 0.36 0.34 0.29 0.35 0.40 0.27 0.54 0.45 0.51 0.38
Table 5.8: Scattering parameters obtained from the application of the full Mayadas-
Shatzkes model to the annealed ZnO:Al / Ag / ZnO:Al samples. For the modeling,
different scenarios varying the grain size and the bulk resistivity were evaluated. The
gray shaded section contains the fitting results of the unannealed samples.
Application of models
The temperature-dependent resistivity curves were fit by the full Mayadas-Shatzkes
model under the variation of the two scattering parameters p and R. In Figure 5.19,
the curves obtained by the model are shown in the common scenarios along with the
measured data. Additionally, the best fit scenario, which is obtained by simultane-
ously varying p and R, is shown (dashed green line) for the 4 nm and 12 nm sample.
For the 200 nm sample the best fit equals the “blue” scenario. In contrast to the
unannealed samples, the best fit reveals an interface specularity parameter p which
is significantly smaller than 1, in particular for the thinner films. Consequently,
interface scattering becomes more relevant. Besides, the grain boundary reflection
coefficient decreases for all three samples.
In Table 5.8, the scattering parameters for all annealed samples are summarized.
For some of the thinner films, the specularity parameter is even equal to zero,
which means that scattering at interfaces is completely diffuse. For the thicker
films (dAg ≥ 50 nm), interface scattering is more suppressed and the specularity
parameter is close to 1.
Also for the grain boundary reflection coefficient, differences between the thicker
and the thinner films occur. The former exhibit a value of R close to that obtained
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for the unannealed samples. For the latter, R is significantly decreased. The origin
of the discrepancy between annealed and unannealed samples is a change in the
scattering strength of the grain boundary due to a closer contact between the grains
after annealing. Furthermore, the boundaries may exhibit less impurities, which act
as scattering centers for the electrons.
The variation of the input variables of the model (bulk resistivity, grain size) has the
same effect on the annealed samples as discussed above for the unannealed samples.
The reduction of the bulk resistivity to ρ0 = 1.62µΩcm yields a small increase of the
grain boundary reflection coefficient. For the thicker films, a change in the interface
scattering parameter could be observed. Anyway, for these thicknesses the variation
range of the model is very restricted, because the size effects are almost negligible,
and the fit becomes ambiguous.
Regarding the grain size, the two scenarios of smaller and larger grains are examined.
Grains of half the size of the film thickness (D = d/2) yield a grain boundary
reflection coefficient of R = 0.14 in average, which is very small with respect to
values reported in literature. In contrast, for the scenario of grains twice as large as
the film thickness (D = 2d), the model reveals very reasonable values of the grain
boundary reflection coefficient (R = 0.38). Comparing the annealed samples to the
unannealed ones, a good agreement of the grain boundary reflection coefficient can
be found for the cases:
(i) D = d/2 for the unannealed films (cf. Table 5.6, third section) and D = d for
the annealed films (cf. Table 5.8, third section), and
(ii) D = d for the unannealed films (cf. Table 5.6, first section) and D = 2d for
the annealed films(cf. Table 5.8, fifth section).
Hence, assuming the grain boundary reflection coefficient to be constant, the average
grain size would double upon annealing. The coagulation would preferably affect
the smaller grains than the larger ones, therefore it might not be visible in TEM.
However, regarding the results of the TEM analyses, a doubling of the grain size
upon annealing can be excluded. Most probably both effects, an enhancement of
the grain boundaries and a slight enlargement of the grains, occurs during annealing.
Conclusions
The major part of the significant decrease of the resistivity after annealing at 250◦C
can be attributed to the baking out of defects and impurities inside the grains.
Furthermore, the interface scattering parameter decreases hence, interface scattering
becomes more important. Possible reasons are:
(i) a roughening of the ZnO:Al / Ag interface during annealing, and
(ii) an enhanced chemical gradient at the interface due to oxygen diffusion into
the silver film and a formation of silver oxide. This oxide layer can change
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Figure 5.20: Different contributions of the resistivity versus silver film thickness for
the unannealed (left) and annealed (right) samples of the ZnO:Al / Ag / ZnO:Al layer
stack. Gray: phonon, defect, and impurity scattering; blue: grain boundary scatter-
ing; green: interface scattering. The contributions are estimated by the equations 2.20
and 2.21 taking into account the scattering parameters of the Tables 5.6 and 5.8.
the interfacial properties drastically and lead to an enhanced scattering rate.
However, there is no experimental evidence for oxygen diffusing into silver.
The overall reduction of the grain boundary reflection coefficient is caused by changes
in the microstructure, i.e., a better electron transmission between the grains due to
closer and purer grain boundaries. A change in the grain size or a coagulation of
several grains to larger grains was not observed by TEM investigations. However,
an increase of the grain size would not contradict the results of the modeling.
Even though the reflection coefficient decreases upon annealing, grain boundary
scattering is still an important and dominating scattering mechanism,
which is demonstrated in Figure 5.20. In this representation the individual contri-
butions to the total film resistivity for the unannealed (left) and the annealed (right)
samples are highlighted. The value for the bulk resistivity, which includes electron-
phonon and electron-defect scattering, is constant for all film thicknesses. For the
unannealed samples, the thickness-dependent contribution is completely attributed
to grain-boundary scattering for the unannealed samples. This result also applies
to the thicker samples of the annealed sample series (dAg ≥ 50 nm). Only in the
region below 50 nm, interface scattering becomes relevant. Nevertheless, also in this
region grain boundary scattering constitutes the largest contribution.
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dAg (nm) 8 10 50
ρ (µΩcm) 5.8 5.5 2.6
transport
τ (10−15 s) 12 12 24
bulk plasmon τ (10−15 s) 10 15 33
EELS
interface plasmon τ (10−15 s) 6.3 6.3 5.8
Table 5.9: Scattering times τ obtained from transport and EELS experiments for
three samples of the ZnO:Al / Ag / ZnO:Al layer stack. The transport scattering
times are calculated from the room temperature resistivity using equation 5.3. The
EELS scattering times are calculated from the plasmon peak widths using equation
4.5. The value of the peak width is taken at a momentum transfer of q = 0.045 A˚−1.
5.1.5 Comparison to EELS
In the EELS experiments electron scattering times (i.e., the time between two scat-
tering events) were calculated from the widths of the respective plasmon peaks (cf.
Section 4.2.3). These values are compared to those obtained from resistivity mea-
surements on equivalent samples, i.e., samples of the ZnO:Al / Ag / ZnO:Al layer
stack which were not annealed. Within the Drude model the scattering rate τ−1 is
proportional to the resistivity ρ and the number of charge carriers N of the system8:
τ−1 =
ρNe2
me
(5.3)
where e is the elementary charge, and me the electron mass.
The scattering times, obtained from these two methods, are summarized in Table
5.9 for three samples. There is a strikingly good agreement between the
scattering times of the transport experiment and those of the volume
plasmons measured by EELS. This consistency demonstrates the qualitative
and quantitative reliability of the results obtained by these very different meth-
ods. Hence, the scattering mechanism which acts inside the silver film, i.e., grain
boundary scattering, completely accounts for the size effect of the mea-
sured resistivity. Interface scattering is not mandatory for the description of the
electrical transport in this system.
Finally, the fact that the interface plasmons are much broader than the volume
plasmons demonstrates that in all our layer stacks the interface resistivity is much
larger than that of the inner part of the silver layer. Hence, electronic transport at
the interface does not play a role.
8The charge carrier density has been determined by Hall effect measurements for all samples.
The results are presented in Section 5.3.
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Figure 5.21: Resistivity versus silver film thickness for samples of the ZnO:Al /
Ag / ZnO:Al layer stack with and without a Ti blocker layer.
5.2 Effect of Interlayers and Additives
5.2.1 Effect of Ti blocker
Titanium is used as a so-called “blocker” layer, because it blocks oxygen ions before
penetrating the silver film and oxidizing its surface. A very thin titanium film
(dTi ≈ 1 nm) on top of the silver layer protects the silver during the deposition
of the upper ZnO:Al layer and yields a well-defined interface without a silver-silver
oxide gradient. Due to its lower ionization potential, titanium getters the oxygen
ions before they can oxidize the silver film. The blocker layer also protects the silver
during annealing, hence, for those samples, the interface is expected not to change
(in contrast to the results obtained for samples without a blocker layer).
For the investigations presented here, samples with only one blocker layer are used.
This asymmetrical stacking complicates the physical characterization of the sys-
tem, because the silver film exhibits two different interfaces now: one ZnO:Al / Ag
interface, and one Ag / Ti interface. An alternate approach would be to use a sym-
metrical stacking, containing two Ti layers that cover the silver film from bottom
and top. However, for producing such a stack, the silver would have to be deposited
on top of a Ti layer, which would yield a different grain growth and hence, a change
in the microstructure of the silver film. In contrast, for the asymmetrical stack, the
silver grows – as before – on top of a ZnO:Al layer.
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Figure 5.22: Left: resistivity versus temperature of samples of the layer stack
ZnO:Al / Ag / Ti / ZnO:Al with different silver film thicknesses. Right: temperature-
dependent contribution of the resistivity ρph = ρ − ρres versus temperature for the
same samples (same color code as left). The data of pure bulk silver (dashed black
line) is taken from [49].
Compared to the ZnO:Al / Ag / ZnO:Al stack, the properties of the upper silver
interface is expected to change upon inserting a blocker layer, which should also be
reflected in the specularity parameter p. In contrast, the grain boundary scattering
coefficient R should remain constant, because the silver film is sputtered utilizing
the same conditions as before and therefore it should exhibit a similar granular
structure.
Figure 5.21 shows the room temperature resistivity versus the film thickness for the
Ti blocker samples in comparison to the data of samples without a blocker layer.
No significant difference can be seen between the two series. Only a slightly higher
resistivity is observed for most of the Ti blocker samples. For the thinnest sample of
4 nm, an abnormally increased resistivity is observed, which might be reasoned by
different deposition conditions yielding a different crystallinity and interface rough-
ness (especially the very thin films are sensitive to changes in film morphology). The
value of the bulk resistivity, which was obtained by fitting the slope of the linearized
representation, is similar to that obtained for the samples without a blocker layer.
This result is reasonable, because the deposition conditions and the substrate layer
did not change. Hence, the defect density remains constant.
The temperature-dependent resistivity curves of the Ti-blocker samples are shown
in Figure 5.22 in the same kind of representation as above. The curves on the
right look very similar to those obtained from samples without a blocker layer.
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dAg (nm) 4 6 8 10 12 15 20 50 100 200 Ø
samples without blocker (not annealed): ρ0 = 2.11 µΩcm, D = d
p 1 1 1 1 1 1 1 0.93 0.99 1 0.99
R 0.33 0.39 0.36 0.39 0.32 0.35 0.38 0.40 0.43 0.34 0.37
ρ0 = 2.11 µΩcm, D = d
p 1 1 1 1 1 1 1 0.90 0.99 1 0.99
R 0.45 0.36 0.38 0.36 0.37 0.41 0.40 0.45 0.42 0.34 0.39
Table 5.10: Scattering parameters obtained from the application of the full Mayadas-
Shatzkes model to the ZnO:Al / Ag / Ti / ZnO:Al samples. The gray shaded section
contains the fitting results of the samples without a blocker layer.
Only the thinnest film exhibits a higher deviation, as already reported above. The
temperature-dependent contribution of the resistivity again is higher than that of
bulk silver, except for the two thinnest films. The same trend as for the ZnO:Al /
Ag / ZnO:Al samples, namely a slightly increasing phononic contribution with in-
creasing film thickness, was also observed for the Ti-blocker samples.
The application of the full Mayadas-Shatzkes model to all measured resistivity curves
(cf. Tab. 5.10) reveals a similar result as for the ZnO:Al / Ag / ZnO:Al samples.
Diffuse scattering at interfaces is completely suppressed (p = 1) hence, the whole
size effect can be attributed to grain boundary scattering. This result meets our
expectations, because the interface was not expected to become rougher upon adding
the blocker layer. Furthermore, the similar value for the grain boundary scattering
parameter is an evidence for a similar grain size and crystallinity in these films. The
scattering parameters are summarized in Table 5.10.
Effect of annealing
The Ti blocker samples were annealed under the same conditions as the previous
samples. The first annealing cycle (at 200◦C) was skipped and only the second cycle
(one hour at 250◦C) was executed. It is expected that during annealing changes
similar to those observed for the samples without a blocker layer occur in the mi-
crostructure (reduction of ρ0 and R). However, changes in the interface roughness
(reduction of p) should not be as pronounced, because there is only one ZnO:Al /
Ag interface which can be oxidized since the other interface is protected by the Ti
layer. Anyway, an enhanced oxidation of the Ti layer can also effect the scattering
of the electrons at this interface.
The result of the model application to the temperature-dependent resistivity curves
of the annealed Ti blocker samples is shown in Table 5.11. The effect of annealing is
basically the same compared to samples without a blocker layer. The interface scat-
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dAg (nm) 4 6 8 10 12 15 20 50 100 200 Ø
annealed samples without blocker: ρ0 = 1.69 µΩcm, D = d
p 0.34 0 0 0.04 0.55 0 0.82 0.77 1 0.39
R 0.22 0.21 0.17 0.21 0.25 0.16 0.36 0.29 0.33 0.24
ρ0 = 1.69 µΩcm, D = d
p 0.39 0.27 1 0.69 0.10 0.02 0 0.82 0.94 1 0.52
R 0.37 0.21 0.34 0.27 0.17 0.21 0.18 0.41 0.35 0.35 0.29
Table 5.11: Scattering parameters obtained from the application of the full Mayadas-
Shatzkes model to the annealed ZnO:Al / Ag / Ti / ZnO:Al samples. The gray shaded
section contains the fitting results of the annealed samples without a blocker layer.
tering becomes more relevant, especially for the thinner films, and the influence of
grain boundary scattering becomes less considerable. Only the 8 nm sample repre-
sents an exception: here, the modeling yields similar scattering parameters to those
of the unannealed sample (only grain boundary scattering). Compared to the an-
nealed samples without a blocker layer, the average specularity parameter is higher,
which means that either the roughening of both interfaces is less pronounced, or one
interface (ZnO:Al / Ag) exhibits a similar roughening and the other one (Ag / Ti /
ZnO:Al) is less affected. The latter case actually meets our expectations regarding
the protection function of the Ti blocker layer very well. However, quantitative in-
formation concerning the difference between the scattering parameter of the upper
and lower interface cannot be obtained, owing to the restrictions of the model (p is
defined as the mean value of the scattering parameter of both interfaces). There are
models which treat both interfaces separately [30–32]. Though, a quantitative de-
termination of the respective interface scattering parameters, p and q (of the upper
and lower interface), by fitting the measured data would be questionable since the
parameters are not independent from each other.
Conclusions
Basically, no remarkable differences between samples with and without a blocker
layer were figured out. The main effect causing the resistivity decrease during the
annealing at 250◦C again is the baking out of defects and impurities inside the
grains. The unannealed samples as well as the annealed samples of the respective
layer stacks exhibit similar values for the resistivity. The scattering parameters ob-
tained by the application of the full Mayadas-Shatzkes model are very much alike.
Nevertheless, the small difference between the average specularity pa-
rameters of the annealed samples of the different stacks suggests that the
Ti blocker layer prevents the silver film from oxidation by oxygen atoms
of the neighboring ZnO:Al layer and therefore improves the transport
properties of the silver film.
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Figure 5.23: Room temperature resistivity versus silver film thickness of samples
of the layer stack ZnO:Al / Ag / ZnO:Al with a highly oxidized silver film. For
comparison the resistivity of samples with a normal silver film is shown.
5.2.2 Highly oxidized silver
In this section thickness- and temperature-dependent resistivity measurements of
samples, where the silver film is highly oxidized, are presented. This samples series,
actually planned as the first ZnO:Al / Ag / ZnO:Al sample series, was produced by
accident due to some problems during the sample preparation. During deposition
of the silver layer, the partial pressure of oxygen was too high, hence, the silver
film became more oxidized than normally. Nevertheless, this series was investigated
too, because also from such an imperfect system some knowledge about prevailing
scattering mechanisms can be obtained.
Figure 5.23 shows the room temperature resistivity data for the highly oxidized
samples along with the data of the normal samples, where the silver film is not
highly oxidized. Both series differ significantly from each other. The highly oxidized
samples exhibit an at least twice as high resistivity all over the entire thickness range.
For the thinnest film of 4 nm the resistivity is even about four times higher. This
strong deviation can have several reasons:
• a higher defect density in the silver grains which leads to an increased bulk
resistivity
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Figure 5.24: Resistivity versus silver film thickness of the layer stack ZnO:Al /
Ag / ZnO:Al with a highly oxidized silver film. The fitting result are shown in the
three common scenarios (green: only interface scattering, blue: only grain boundary
scattering, and red: diffuse interface scattering + grain boundary scattering).
• reduced thickness of the metallic silver layer due to the formation of a silver
oxide layer of unknown thickness on top of the silver layer
• a chemical gradient at the Ag / ZnO:Al interface due to the oxidation of the
interface-near silver atoms → enhancement of interface scattering
• enhanced grain boundary scattering due to smaller grains or impure grain
boundaries
According to the first point, the bulk resistivity value was commonly determined by
the slope of the linearized representation. Due to the fact that the thickest sample
has a silver film thickness of only 50 nm, the linear fit was applied in the range of
12 to 50 nm. As expected, the obtained value of 2.65 µΩcm is significantly higher
than the value for the normal silver films (ρ0 = 2.11 µΩcm).
In order to gain information about the present scattering mechanisms for this system,
the full Mayadas-Shatzkes model was applied in the common three scenarios (cf.
Figure 5.24). As well as for the not highly oxidized samples (cf. Figure 5.9), the
data could not be fit taking only interface scatting into account (Fuchs-Sondheimer
model), even for the extreme case of completely diffuse scattering (p = 0).
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Figure 5.25: Left: resistivity versus temperature of samples of the layer stack
ZnO:Al / Ag / ZnO:Al with a highly oxidized silver film for different silver film thick-
nesses. Right: temperature-dependent contribution of the resistivity ρph = ρ − ρres
versus temperature for the same samples (same color code as left). The data of pure
bulk silver (dashed black line) is taken from [49].
The other two scenarios fit the data very well. However, the obtained grain bound-
ary reflection coefficient is very high. For the scenario where interface scattering
is excluded, it is R = 0.66, and for the scenario where the electrons are scattered
diffusely at the interfaces, it is R = 0.62. This result yields a much higher scattering
strength of the grain boundaries, which probably is an effect of the over-oxidized
silver and oxygen ions, which accumulate in between the grain boundaries. Another
possible scenario attributes the increased grain boundary scattering rate to a dras-
tically reduced grain size. For the models shown in Figure 5.24 the grain size was
chosen equal to the film thickness. In order to obtain a value for the grain boundary
reflection coefficient similar to that obtained for the normal samples (R = 0.36),
the average grain diameter would have to be about one third of the film thickness.
Unfortunately, no microstructure analysis by cross-sectional TEM or AFM was done
on those samples hence, a measure of the average grain diameter is not available.
In Figure 5.25, the temperature-dependent resistivity curves are shown. As already
observed for the not highly oxidized samples, all films exhibit a higher temperature-
dependent contribution than that bulk of silver. At low temperature the resistivity
usually converges to the residual resistivity value, and exhibits its minimum at 0
K. For the thinnest film of 4 nm, however, the resistivity curve exhibits a minimum
at 24 K. This behavior is likely caused by the quantum mechanical effect of weak
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dAg (nm) 4 6 8 10 12 20 50 Ø
ZnO:Al / Ag / ZnO:Al: ρ0 = 2.11 µΩcm, D = d
p 1 1 1 1 1 1 0.93 0.99
R 0.33 0.39 0.36 0.39 0.32 0.38 0.40 0.37
ρ0 = 2.65 µΩcm, D = d
p 0 0.72 0.72 0.74 0.74 0.77 0.84 0.65
R 0.65 0.66 0.66 0.65 0.66 0.64 0.64 0.65
Table 5.12: Scattering parameters obtained from the application of the full Mayadas-
Shatzkes model to samples of the highly oxidized ZnO:Al / Ag / ZnO:Al samples. The
gray shaded section contains the fitting results of the not highly oxidized ZnO:Al /
Ag / ZnO:Al samples.
localization, which occurs in disordered electronic systems (a good description of
this effect can be found in [94]). For the very thin film, the density of defects is high
and the grains exhibit such a small diameter that the system can be regarded as
disordered. This effect was observed for many other low-dimensional systems [95,96].
The data was fit by the temperature-dependent Mayadas-Shatzkes model. The re-
sults are summarized in Table 5.12. For almost all the films, the obtained specularity
parameter varies in the range of 0.72 and 0.84. Only the thinnest film exhibits a
specularity parameter of 0. The reason for this discrepancy probably is the strong
disorder in the silver film, which causes effects that are not described by the model.
However, the grain boundary reflection coefficient exhibits an average value similar
to that obtained from the fit of the thickness-dependent resistivity measurements.
Conclusions
Compared to the normal ZnO:Al / Ag / ZnO:Al samples the highly oxidized samples
exhibit a higher defect and impurity density inside the grains. The expected presence
of a rough and highly oxidized interface, yielding a totally diffuse scattering of the
electrons at the interfaces, was not validated by the model. Anyway, the interface
scatting parameters obtained for this system are significantly lower than 1. Hence,
an enhanced interface scattering rate can be assessed, compared to samples which
have not been highly oxidized.
A very high value of R ≈ 0.65 was obtained for the grain boundary reflection coef-
ficient. The increased oxygen pressure during deposition enables the accumulation
of oxygen ions at the grain boundaries. This effect increases the scattering strength
of the grain boundary and consequently, it becomes more reflective. The data could
also be interpreted in terms of a reduced grain size. However, in order to obtain the
same value for the grain boundary reflection coefficient as for the not highly oxidized
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films (R = 0.37), the average diameter of the grains would have to be reduced to
one third of the film thickness (D = d/3), which is rather unlikely. At this point
it is not clear yet if the increased resistivity is caused by oxygen accumulation in
the grain boundaries, a decreased grain size, or both. Investigating this system by
cross-sectional TEM, examining in particular the grain boundaries, would be very
beneficial and would allow us to draw further conclusions.
5.3 Charge carrier density and electron mean free
path
By Hall effect measurements, bulk materials or layered structures can be character-
ized in terms of their charge carrier density and electron mean free path. Therefore,
a high magnetic field has to be applied perpendicular to the layers and the Hall
voltage has to be measured. Subsequently, the Hall coefficient, the charge carrier
density, and the electron mean free path can be determined by the equations 3.13,
3.14, and 2.4, respectively. The Hall effect was studied at room temperature for all
samples of the ZnO:Al / Ag / ZnO:Al series (with and without a blocker layer).
Basically, the electron mean free path provides similar information as the resistivity9.
Therefore, the analysis of the transport data was focused on the resistivity.
Figure 5.26 shows the thickness dependence of the charge carrier density for the
annealed and unannealed ZnO:Al / Ag / ZnO:Al samples with and without a Ti-
blocker layer, respectively. In the inset of the same figure the measured Hall voltage
is shown versus the applied magnetic field for three samples of the unannealed
ZnO:Al / Ag / ZnO:Al layer stack indicating a linear dependence of the Hall voltage
on the magnetic field, which is typical for a metal (cf. Chapter 3). From the slope
of the linear fits, the Hall coefficient and hence, the charge carrier density can be
determined.
The obtained values for the charge carrier density are smaller than the charge carrier
density of pure bulk silver [8] for all samples of each system. A clear trend can be
seen in the thickness dependence: the thinner the films, the smaller the charge
carrier density. This effect can be explained by the transfer of interface-near charges
from silver to ZnO:Al, which reduces the effective number of charge carriers in the
silver film [88, 97]. Due to the higher interface/ volume ratio this effect is more
pronounced for the thinner silver films.
Another interesting effect can be seen comparing the annealed samples to the unan-
nealed ones: the charge carrier density increases during annealing for the thicker
films (dAg ≥ 50nm). For the thinner films, the inverse effect is observed. Proba-
9If the charge carrier density is constant, from equation 2.4 follows: σ = ρ−1 ∝ l.
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Figure 5.26: Charge carrier density versus silver film thickness at room temperature
for samples of the layer stack ZnO:Al / Ag / ZnO:Al, for annealed samples of the
same layer stack and for samples with a Ti blocker layer (annealed and unannealed).
On the right scale the Hall coefficient is shown in reciprocal representation. The
value of the bulk charge carrier density (dashed line) is calculated from the Hall
coefficient of bulk silver (from [8]). Inset: Hall voltage versus applied magnetic field
for three samples with different silver film thicknesses of the layer stack ZnO:Al / Ag /
ZnO:Al (unannealed). The probing current was set to 1 mA.
bly, there are two rivaling processes which compete during annealing: on the one
hand more free charges diffuse from the silver film into the neighboring ZnO:Al films
(→ reduction of the charge carrier density in the silver film) [88]. This effect is more
pronounced for the thinner films, because for them the interface/ volume ratio is
much higher than for the thicker films. On the other hand the curing of defects
and impurities inside the silver grains and at the grain boundaries may yield an
increase of the effective number of charge carriers. However, there is no proof for
this hypothesis.
In Figure 5.27, the mean free path of the silver electrons is shown versus the film
thickness. The corresponding data is summarized in Table 5.13. For all samples,
the measured mean free paths are significantly shorter than the mean free path of a
bulk silver crystal (dashed line), which is a clear indication for enhanced scattering
of electrons due to a higher density of defects and impurities, and, of course, also due
to additional scattering mechanisms such as interface scattering and grain bound-
ary scattering. The mean free path decreases with decreasing silver film thickness
becoming even proportional to the film thickness for thinner films (l ≈ d).
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Figure 5.27: Electron mean free path versus silver film thickness at room tempera-
ture for samples of the layer stack ZnO:Al / Ag / ZnO:Al, for annealed samples of
the same layer stack, and for samples with a Ti blocker layer. The bulk value of the
electron mean free path (dashed line) was calculated from the charge carrier density
(from [8]) and the resistivity (from [49]) of pure bulk silver.
Remark: Also at low temperatures the mean free path of the measured samples is
considerably shorter than that of bulk silver. For a very pure and defect-free silver
crystal and at very low temperatures, the mean free path can even reach a value in
the order of several cm. However, for thin films the difference between the mean free
path at room temperature and that at 4.5 K is very small, because the contribution
dAg (nm) 4 6 8 10 12 15 20 50 100 200
D (nm) 16 20 33 60 66
basic stack 7.2 8.2 11.5 11.6 15.4 16.4 16.9 23.2 26.2 29.6
annealed 7.8 9.7 13.3 13.5 17.5 18.6 26.4 29.3 32.7
Ti blocker 4.2 8.8 9.7 12.5 14.3 13.6 15.8 20.8 25.8 28.3
annealed 4.9 10.6 12.2 14.7 16.1 16.8 20.1 25.4 30.7 31.6
Table 5.13: Mean free path of silver electrons for all measured samples (at room tem-
perature). First row: ZnO:Al / Ag / ZnO:Al, second row: ZnO:Al / Ag / ZnO:Al an-
nealed, third row: ZnO:Al / Ag / Ti / ZnO:Al, forth row: ZnO:Al / Ag / Ti /
ZnO:Al annealed (all values in [nm]). The grain size D was determined by TEM and
AFM investigations on unannealed samples of the structure ZnO:Al / Ag / ZnO:Al (cf.
Section 5.1.2).
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Figure 5.28: Electron mean free path versus grain size at room temperature for
samples of the layer stack ZnO:Al / Ag / ZnO:Al. The average size of the silver
grains was determined by TEM (12, 20, 50, and 200 nm sample) and AFM (100 nm
sample). The red lines are guides to the eye. The bulk value of the electron mean free
path (dashed black line) was calculated from the charge carrier density (from [8]) and
the resistivity (from [49]) of pure bulk silver.
of electron-phonon scattering to the total resistivity is marginal with respect to the
contribution of the other scattering mechanisms.
The influence of the grain size on the mean free path is demonstrated in Figure
5.28. For small grains, the mean free path takes approximately the same value as
the average grain diameter. In this region the mean free path is limited by the grain
boundaries. Upon increasing the size of the grains, the mean free path increases
proportionally up to a certain length, where it starts to saturate. At this point, the
grain diameter exceeds the length of the bulk mean free path hence, grain boundary
scattering becomes less prominent and the mean free path is limited by defect,
impurity and phonon scattering. The mean free path demonstrates the relevance of
interface and grain boundary scatting for films exhibiting a film thickness smaller
than the size of the mean free path of electrons in the bulk material.
For both investigated layer stacks, the annealed samples exhibit a larger mean free
path as the unannealed ones. As the grain size did not change, this effect can be
dedicated to the changes in the defect density and in the reflectivity of the grain
boundaries.
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5.4 Conclusions
Transport measurements were carried out on samples of the layer stack ZnO:Al /
Ag / ZnO:Al in dependence of the silver film thickness and temperature. The data
was fit using the full Mayadas-Shatzkes model including surface scattering as well as
grain boundary scattering. The model was modified in order to fit the temperature
dependence of the resistivity.
The samples have been characterized with respect to the silver film thickness, grain
size and interface morphology by various microscopic methods and SIMS. The main
results of these analyses are:
(i) the silver film is thicker than assumed
(ii) the grain size is equal to the film thickness for the thin films (dAg < 50 nm),
for thicker films the average grain diameter is smaller than the film thickness
(iii) the grain size does not change upon a thermal treatment at 250◦C
The application of the Fuchs-Sondheimer model to resistivity measurements at room
temperature revealed for all systems that solely interface scattering does not fit the
measured data, even for the extreme case of 100 % diffuse scattering. The data
could only be well fit by the Mayadas-Shatzkes model taking a significant amount
of grain boundary scattering into account. However, a quantitatively unique result
regarding the values of the respective scattering parameters could not be obtained
due to the similar thickness dependence of the Fuchs-Sondheimer and Mayadas-
Shatzkes model.
By measuring the temperature dependence of the resistivity, a differentiation be-
tween these two models is possible. The temperature-dependent contribution of the
resistivity is significantly increased if interface scattering is present in the system.
Furthermore, the temperature dependence of the films exhibits different character-
istics with respect to the bulk material. The fit of all measured resistivity curves by
the temperature-dependent Mayadas-Shatzkes model revealed that interface scat-
tering is not present in these samples. Hence, the whole size effect can be attributed
to grain boundary scattering. The obtained grain boundary reflection coefficient is
in agreement with values from literature.
Upon annealing at 250◦C the layer stack is changed in three different ways, two
which decrease the resistivity and one with the opposite effect. The former include
the reduction of the bulk resistivity inside the grains by baking out defects and
impurities, and the improvement of the electron transport through the grain bound-
aries, which are less reflective after annealing. The negative effect is the enhanced
interface scattering, which is caused by a roughening of the interface or a stronger
oxidation of the interface-near silver. In total, the layer stacks were improved dur-
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ing annealing, i.e., the resistivity was reduced. Even though interface scattering
is not negligible anymore, grain boundary scattering still constitutes the dominant
scattering mechanism and mainly accounts for the observed size effect.
The investigations on samples with an additional Ti blocker layer in between the
silver and the upper ZnO:Al layer yielded similar results to those obtained for sam-
ples without this layer. As the silver film was deposited under the same conditions
as before, no changes in the defect density and microstructure were anticipated.
These assumptions were verified by the results of the model application: the val-
ues of the bulk resistivity and the grain boundary reflection coefficient are similar
to those obtained for samples without a blocker layer. As the upper silver inter-
face was modified by the insertion of the blocker layer, less interface scattering was
expected in these samples. However, due to the fact that the samples without a
blocker layer already exhibit very smooth interfaces a further improvement was not
possible. Hence, also for the Ti-blocker samples a specularity parameter equal to
1 was obtained. During the annealing at 250◦C, basically the same changes as for
the samples without a blocker layer were observed. The difference in the interface
scattering parameter between the two samples series after annealing suggests that
the Ti blocker layer prevents the silver film from oxidation by oxygen atoms of the
neighboring ZnO:Al layer and therefore improves the transport properties of the
silver film.
The final conclusions are:
• grain boundary scattering is the dominant scattering mechanism in all ob-
served layer stacks
• interface scattering only plays a role for annealed samples and, even then, does
not dominate
• annealing at 250◦C reduces the density of defects and impurities of the silver
film, but does not influence the grain size significantly

Chapter 6
Summary
This thesis deals with the investigation of silver-based low-emissivity coatings for
thermally insulating glazing applications. The electronic structure and electrical
transport properties of multi-layer systems was probed in order to understand the
fundamental aspects of electron scattering in the silver films, and to use this knowl-
edge for improving the performance of the low-emissivity coatings.
The analyses were carried out on layer stacks of the fundamental structure ZnO:Al /
Ag / ZnO:Al focusing on the discrimination between interface and grain boundary
effects. The electrical transport properties of the samples were measured in depen-
dence of silver film thickness and the temperature. Subsequently, the data were
evaluated by the Fuchs-Sondheimer model (interface scattering) and the Mayadas-
Shatzkes model (grain boundary scattering). The results of the application of these
models revealed that electron scattering at grain boundaries plays a crucial role
regarding the resistivity of the silver film. Contrary to the prevalent opinion that
diffuse electron scattering at interfaces mainly causes the size effect, the results
presented here reveal a more differentiated picture. Both scattering mechanism con-
tribute to the total resistivity of the thin films, but the fraction of grain boundary
scattering dominates with respect to the fraction of interface scattering.
Complementary to the transport studies, the electronic structure of the ZnO:Al /
Ag / ZnO:Al system was characterized by EELS. It was shown that interface-near
silver electrons are strongly influenced by the neighboring ZnO:Al layers resulting
in a shift of the interface plasmon to a lower energy. Thus, interfacial and bulk
properties can be investigated separately.
The results of the EELS analyses were compared to the resistivity values obtained at
room temperature using the quantity of the electron/ plasmon scattering rate. Good
agreement was found between the scattering rate obtained from the peak width of
the silver volume plasmon and that calculated from resistivity measurements on
similar samples. This result confirms the electrical transport in the silver film being
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governed by the bulk electrons and consequently, scattering at grain boundaries
is the dominant scattering mechanism. Thus, by two very different approaches a
quantitatively consistent result could be obtained.
However, the result that electron scattering in these films is dominated by grain
boundaries complicates the improvement of the low-emissivity coating (a modifica-
tion of the interfaces is more practicable because the neighboring layers can easily
be varied). In order to reduce the resistivity of the silver film, scattering at grain
boundaries has to be minimized. There are two possibilities for an effective mini-
mization: reducing the reflectivity of the grain boundaries, and increasing the lateral
size of the grains. Both effects can be effectuated by annealing.
In the framework of this thesis, such annealing experiments have been carried out,
but only at moderate temperatures of 250◦C. From the analysis of cross-sectional
TEM images, no significant change in the size of the grains could be observed, be-
cause for a coagulation of grains, higher temperatures (about 600◦C) are required.
Nevertheless, in the transport experiments an overall reduction of the resistivity was
measured. Possible reasons include a removal of defects and impurities inside the
grains and at the grain boundaries, indicated by a reduction of the grain boundary
reflection coefficient. Concomitantly, an increase in the amount of diffuse scatter-
ing at the interfaces was observed, caused by a roughening of the interface during
annealing.
Modifying the interface by adding a Ti blocker layer in between the silver layer
and the upper ZnO:Al layer revealed no significant changes in comparison with the
results on samples without a blocker layer. Due to the fact that the samples without
a blocker layer already exhibited a very smooth interface, an improvement of the
interface could not be observed. However, upon annealing, the average interface
scattering parameter obtained for the samples with a blocker layer is significantly
higher than that obtained for the unannealed samples. This observation indicates
that the Ti layer prevents the silver film from oxidation during annealing.
Finally, the examination of the electron mean free path by Hall effect measurements
revealed a direct proportionality between the mean free path and the grain size for
thin films. If the average grain diameter is smaller than the bulk mean free path of
the electrons, scattering at grain boundaries limits the mean free path to the size
of the grains. In consistence with the result of the resistivity measurements and
the EELS analyses, this method demonstrates that grain boundary scattering is the
dominating scattering mechanism in the investigated systems.
Appendix A
Error analysis
The total error of the resistivity and Hall effect measurements was estimated taking
all possible error sources into account. These are:
• errors due to the inaccuracy of the measurement devices: voltage, current,
temperature
• geometrical errors (depending on the contact layout)
• inaccuracy of the conducting layer thickness
The accuracy of the current source and voltage measurement unit is about 0.1 %.
During the transport measurements at room temperature, the temperature stability
is 0.3 K, which results in a relative error of 0.1 % for the measured resistance. For
the temperature-dependent measurements the maximum error of the temperature
monitor is 0.5 % (at 300 K).
The geometrical error is discussed for the two cases of van der Pauw layout and 4-
stripe layout. The error of the van der Pauw measurements is calculated according
to the equations given in [76]. The relevant error sources (i) are the size of the
contact (average diameter) and (ii) the distance between the contact and the edge
of the sample. For the sheet resistance the error calculation results in a geometrical
error of 0.7 %. The relative error for the Hall coefficient is much bigger. For samples
where single bonds were used (dAg < 50 nm) it is 14 %, and for those with double
bonds (dAg ≥ 50 nm) it is 18 %. In the 4-stripe layout, the width of the inner stripes
(where the voltage is sensed) and the accuracy of the sample height can be denoted
as relevant error sources. For this layout, the geometrical error amounts 2.4 %.
The third and most important error source is the inaccuracy of the film thickness.
Cross-sectional TEM measurements and a film thickness analysis by SIMS revealed
that the silver film is significantly thicker than assumed (cf. Section 5.1.2).
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Figure A.1: Room temperature resistivity versus silver film thickness of samples
with a ZnO:Al / Ag / ZnO:Al layer stack in a semi-logarithmic representation. The
error bars of the resistivity and the silver film thickness are included. The differently
shaded areas represent the different contributions to the total error (error tubes).
In Figure A.1 the resistivity data of the ZnO:Al / Ag / ZnO:Al layer stack is shown
along with the error tubes and crosses. The error due to the devices and measure-
ment geometry is very small, owing to the results of the reproducibility study. A
much greater contribution constitutes the error due to the inaccuracy of the film
thickness. However, it can be stated that only the upper part of the light gray tube
is relevant because all film thickness analyses showed that the silver film is thicker
than assumed. Apart from that, this representation also shows the influence of the
film thickness on the resistivity in a quantitative way.
In Figure A.2 the error tubes of the a temperature-dependent resistivity measure-
ment are shown on an example of a ZnO:Al / Ag / ZnO:Al sample with a 12 nm thick
silver film. Only the phononic contribution is shown because it constitutes the most
relevant part for the application of the temperature-dependent Mayadas-Shatzkes
model. Also here only the upper part of the light-gray tube is relevant (films are
always thicker than assumed). The influence of the film thickness on the slope of
the curve is considerable and can not be neglected. The contribution of geometrical
errors and errors of the measurement devices are herein very small compared to the
error in the film thickness.
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Figure A.2: Phononic contribution of the resistivity versus temperature of a
ZnO:Al / Ag / ZnO:Al sample with a 12 nm thick silver film. The differently shaded
areas represent the different contributions to the total error (error tubes).
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Figure A.3: Hall coefficient versus silver film thickness of samples with a ZnO:Al /
Ag / ZnO:Al layer stack (semi-logarithmic representation at room temperature). The
differently shaded areas represent the different contributions to the total error (error
tubes).
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In contrast, for the Hall effect measurements, the geometrical error plays a crucial
role (cf. Figure A.3). The position of the bond contacts remarkably influence the
measured Hall resistance. For this quantity, the geometrical error and the error in
film thickness contributes equally to the total error. In consideration of the size
of the error bars, the Hall coefficient and thus, the charge carrier density, can be
regarded as constant and independent of the silver film thickness.
List of abbreviations
AFM atomic force microscopy
A˚ A˚ngstro¨m (1 A˚ = 10−10 m)
B magnetic induction
c speed of light
d film thickness
D average grain diameter
e elementary charge (= 1.60217646263 · 10−19 C)
E energy
EF Fermi energy
EIP energy of the interface plasmon
ESP energy of the surface plasmon
EVP energy of the volume plasmon
EELS electron energy-loss spectroscopy
ε complex dielectric function ε(ω, k) = ε1(ω, k) + iε2(ω, k)
ε0 permittivity (= 8.854187817 · 10−12 As/(Vm))
ε1 real part of the dielectric function
ε2 imaginary part of the dielectric function
h Planck constant (= 6.62606896 · 10−34 Js)
~ reduced Planck constant (= h/2pi = 1.054571628 · 10−34 Js)
k wave vector
kB Boltzmann constant (1.3806503 · 10−23 J/K)
kF Fermi wave vector
I electrical current
θ scattering angle
ΘD Debye temperature
l electron mean free path
l0 electron mean free path in the bulk, monocrystalline material (only
phonon and defect scattering)
me electron mass
meff effective electron mass
N charge carrier density
p specularity parameter
q momentum transfer
R grain boundary reflection coefficient
RH Hall resistance
RS sheet resistance
ρ electrical resistivity
ρ0 resistivity of bulk, monocrystalline material (only phonon and defect
scattering)
ρf total resistivity of film
ρg total resistivity of bulk, polycrystalline material
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ρph temperature dependent contribution to the resistivity
ρres residual resistivity
SIMS secondary ion mass spectroscopy
σ electrical conductivity
σ0 conductivity of bulk, monocrystalline material (only phonon and defect
scattering)
σf total conductivity of film
σg total conductivity of bulk, polycrystalline material
T temperature
T Tesla, unit of the magnetic induction B
TEM transmission electron microscopy
τ scattering time
V voltage
vF Fermi velocity
ω frequency
ZnO:Al aluminum-doped zinc oxide
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Abstract
Thin silver films are widely used in low-emissivity coatings for building glazing due to
their high reflectance in the infrared and high transmittance in the visible spectrum.
The determining parameter for the infrared reflectance is the electrical conductance
of the layer stack – the better the conductance the higher the reflectance. Electrically
conductive films of thicknesses smaller than the electron mean free path exhibit a
strong increase in the residual resistivity proportional to the inverse of the film thick-
ness. Despite intensive discussions, which have extended over tens of years, it is not
understood yet if this conductive behavior originates from electron scattering at in-
terfaces (Fuchs-Sondheimer model) or grain boundaries (Mayadas-Shatzkes model).
To achieve a fundamental understanding of the prevailing electron scattering mech-
anisms, aluminum-doped zinc oxide (ZnO:Al) / Ag / ZnO:Al layer stacks produced
by magnetron sputtering were investigated concerning their electronic structure and
electrical transport properties.
The electronic structure of the layer stacks was probed and analyzed by electron
energy-loss spectroscopy. By this technique, plasmonic excitations are observed,
which can be categorized into excitations of the electrons in the bulk silver and
excitations at the ZnO:Al / Ag interface. The plasmons were analyzed with respect
to their dispersion and the peak width, and brought into relation with electrical
conductivity measurements by calculating the plasmon lifetime and the electron
scattering rate.
The difficulty in determining the relative contributions of the interface and grain
boundary scattering in experimental conditions is due to the fact that the way in
which these scattering mechanisms depend on the film thickness, is very similar.
Understanding the electron transport in thin films is of paramount importance,
because the differentiation between the scattering mechanisms is a key issue for
the improvement of the coatings. In the present work, the solution came from
the expected difference in the temperature-dependent behavior of the resistivity
between electron scattering at interfaces and electron scattering at grain boundaries.
Hence, the resistivity was measured as a function of the temperature on layer stacks
with different silver film thickness varying in the range of 4 to 200 nm. The data
were analyzed using the extended Mayadas-Shatzkes model involving both electron
scattering at interfaces (Fuchs-Sondheimer model), and electron scattering at grain
boundaries. The results demonstrate that electron scattering at grain boundaries
dominates for all film thicknesses.
The basic layer stack was compared to more sophisticated systems, obtained either
by adding a thin titanium layer in between silver and ZnO:Al, or by exposing the
growing silver film to an oxygen partial pressure (oxidizing the film). Furthermore,
the effect of annealing at 250◦C was studied for all these systems.

Zusammenfassung
Du¨nne Silberfilme werden aufgrund ihres hohen Reflexionsvermo¨gens im infraroten
Spektrum und ihres hohen Transmissionsvermo¨gens im Spektrum des Sonnenlichtes
als Wa¨rmeschutzbeschichtungen fu¨r Fensterglas verwendet. Der entscheidende Pa-
rameter fu¨r das Reflexionsvermo¨gen der Schicht ist die elektrische Leitfa¨higkeit –
je ho¨her die Leitfa¨higkeit, desto sta¨rker wird Infrarotlicht reflektiert. Elektrisch
leitende Schichten mit Schichtdicken du¨nner als die mittlere freie Wegla¨nge der
Elektronen weisen einen starken Anstieg des spezifischen Widerstandes auf, der
sich proportional zur inversen Schichtdicke verha¨lt. Trotz ausfu¨hrlicher Diskussio-
nen wa¨hrend der letzten Jahrzehnte, ist noch nicht gekla¨rt ob dieses Verhalten auf
Streuung von Elektronen an Grenzfla¨chen (Fuchs-Sondheimer-Modell) oder an Ko-
rngrenzen (Mayadas-Shatzkes-Modell) zuru¨ckzufu¨hren ist. Um ein grundlegendes
Versta¨ndnis der vorherrschenden Streumechanismen zu erlangen, wurden Schicht-
stapel der Struktur Aluminium-dotiertes Zinkoxid (ZnO:Al) / Ag / ZnO:Al, welche
mittels Magnetron-Sputtern hergestellt wurden, hinsichtlich ihrer Transporteigen-
schaften und elektronischen Struktur untersucht.
Die elektronische Struktur der Schichtsysteme ist mittels Elektronen-Energieverlust-
Spektroskopie untersucht und bezu¨glich ihrer plasmonischen Anregungen analysiert
wurden. Diese ko¨nnen in Anregungen der Volumenelektronen des Silbers und Anre-
gungen der Elektronen aus der ZnO:Al / Ag Grenzfla¨che unterteilt werden. Die Plas-
monen wurden hinsichtlich ihrer Impulsabha¨ngigkeit und Anregungsbreite analysiert
und durch Berechnung der Plasmonenstreurate mit den Messungen der elektrischen
Leitfa¨higkeit verglichen.
Aufgund der Tatsache, dass Genzfla¨chen- und Korngrenzstreuung eine a¨hnliche
Schichtdickenabha¨ngigkeit aufweisen, gestaltet sich die Bestimmung der relativen
Beitra¨ge beider Streumechanismen als schwierig. Diese Problem kann durch die
Untersuchung der Temperaturabha¨ngigkeit der Streumechanismen, die sich fu¨r
Grenzfla¨chen- und Korngrenzstreuung unterscheidet, gelo¨st werden. Der spezifische
Widerstand wurde in Abha¨ngigkeit von der Temperatur an mehreren Proben unter-
schiedlicher Silberschichtdicke (im Bereich von 4 bis 200 nm) gemessen. Die Daten
wurden anhand des erweiterten Mayadas-Shatzkes-Modells, welches sowohl Streu-
ung an Grenzfla¨chen (Fuchs-Sondheimer-Modell) als auch an Korngrenzen beru¨ck-
sichtigt, evaluiert. Die Ergebnisse zeigen eindeutig, dass fu¨r alle Schichtdicken die
Elektronenstreuung an Korngenzen der dominierende Streumechanismus ist.
Die Ergebnisse der Analyse des fundmentalen Schichtsystems wurden mit denen
komplexerer Systeme verglichen, bei denen zum einen durch Hinzufu¨gen einer
du¨nnen Titanschicht die Grenzfla¨che zwischen Silber und ZnO:Al modifiziert wurde
und zum anderen der Silberfilm durch einen erho¨hten Sauerstoff-Partialdruck
wa¨hrend der Beschichtung oxidiert wurde. Des Weiteren wurde der Effekt einer
Temperung bei 250◦C an allen Systemen untersucht.

Re´sume´
Les vitrages bas-e´missifs sont fre´quemment e´labore´s par de´poˆts de reveˆtements
dont la couche active est un film mince d’argent. Le parame`tre qui de´termine
la re´flexion dans l’infra-rouge est la conductance e´lectrique de l’empilement. La
re´sistivite´ e´lectrique re´siduelle de films dont l’e´paisseur est infe´rieure au libre par-
cours moyen des e´lectrons croˆıt fortement en fonction de l’inverse de l’e´paisseur. En
de´pit d’intenses recherches mene´es pendant des dizaines d’anne´es, l’origine de cet
accroissement de re´sistivite´ – re´flexion des e´lectrons par les interfaces (mode`le de
Fuchs-Sondheimer) ou par les joints de grains (mode`le de Mayadas-Shatzkes). Pour
comprendre les me´canismes a` l’œuvre dans le transport des e´lectrons, des couches
ZnO dope´ aluminium (ZnO:Al) / Ag / (ZnO:Al) produites par pulve´risation plasma
ont e´te´ e´tudie´e concernant leur structure e´lectronique et proprie´te´s de transport
e´lectrique.
Les empilements ont e´te´ examine´s par spectroscopie de pertes d’e´nergie d’e´lectrons.
Les spectres font apparaˆıtre les excitations des e´lectrons de volume de l’argent et les
excitations a` l’interface ZnO:Al / Ag. Les excitations ont e´te´ analyse´s concernant
leur dispersion. En outre, la dure´e de vie moyenne des plasmons de´termine´e d’apre`s
la largeur du pic de plasmon d’interface se compare bien a` la l’inverse de la fre´quence
de diffusion des e´lectrons qui se de´duit de l’application du mode`le de Drude aux
donne´es relatives a` la re´sistivite´.
La difficulte´ dans la de´termination des contributions relatives des mode`les de Fuchs-
Sondheimer et Mayadas-Shatzkes dans les conditions expe´rimentales est due au
fait que ces deux mode`les pre´sentent des variations tre`s similaires en fonction de
l’e´paisseur des films. D’importance primordiale pour la compre´hension du transport
dans les films minces, la question est une cle´ pour l’ame´lioration des reveˆtements bas-
e´missifs. La solution a e´te´ apporte´e ici par la diffe´rence de comportement en fonction
de la tempe´rature des diffusions des e´lectrons aux interfaces et aux joints de grains.
D’apre`s cela, la re´sistance d’empilements comportant des films d’argent d’e´paisseurs
comprises entre 4 et 200 nm a e´te´ mesure´e en fonction de la tempe´rature. Les donne´es
ont e´te´ analyse´es au moyen de la version du mode`le de Mayadas-Shatzkes qui inclut
a` la fois la diffusion des e´lectrons aux interfaces (mode`le de Fuchs-Sondheimer) et
la diffusion des e´lectrons aux joints de grains. Il a te´ de´montre´ que, pour toutes les
e´paisseurs, la diffusion des e´lectrons aux joints de grains constitue l’effet dominant.
Les re´sultats de l’analyse du syste`me fondamental ont e´te´ compare´es avec les
re´sultats de syste`mes plus sophistique´s, obtenus soit en intercalant une couche ad-
ditionnelle de titane entre l’argent et le ZnO (me´thode commune´ment utilise´e pour
ame´liorer le mouillage du ZnO par l’argent), soit par exposition a` une pression par-
tielle du film d’argent encours de croissance (pour oxyder le film). En outre, l’effet
du recuit a` 250◦C a e´te´ e´tudie´ pour tous ces syste`mes.
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